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INTRODUCTION 


I.  SOLID  STATE  DEVICE  RESEARCH 

A GaAs  2x2  electrooptic  waveguide  switch  in  which  the  power  isolation  in  both 
switch  states  can  be  electrically  optimized  has  been  demonstrated.  The  device 
exhibits  up  to  25  dB  power  isolation  in  both  states  with  total  power  output  con- 
stant to  within  <0.3  dB. 

The  p-n  junction  location  in  double-heterostructure  (DH)  GalnAsP/lnP  laser 
diodes  was  determined  by  using  a scanning  electron  microscope.  Even  though 
undoped  or  Sn-doped  quaternary  layers  are  n-type  if  grown  on  insulating  sub- 
strates, the  quaternary  layer  in  the  grown  DH  is  p-type,  presumably  due  to  Zn 
diffusion  from  the  Zn-doped  InP  capping  layer. 

An  investigation  of  the  proton  bombardment  of  InP  indicates  that  the  resistivity 
of  n-type  InP  can  be  increased  only  to  a level  of  about  10^  0-cm,  while  the  re- 
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sistivity  of  p-type  InP  can  be  increased  to  >10  12 -cm  for  an  optimum  multiple - 

energy  dose  or  an  optimum  combination  of  dose  and  post -bombardment  anneal. 
The  results  can  be  explained  by  a model  which  assumes  that  the  proton  bom- 
bardment creates  both  deep  donor  and  deep  acceptor  levels. 

The  ion  implantation  of  Se,  Si,  Be,  Mg,  Cd,  and  Fe  in  InP  was  investigated. 
Implantation  of  Fe  was  found  to  be  quite  effective  in  creating  high- resistivity 
layers  in  n-type  InP.  A multi- energy  Fe  implant  in  n-type  InP  (n  « 4 X 
10^^  cm  followed  by  annealing  at  725 ®C  for  15  min.  yielded  layers  with  a re- 
sistivity « 10^  12 -cm. 

A high  distribution  coefficient  impurity,  identified  as  silicon,  was  shown  to  be  a 
key  problem  in  achieving  the  goal  of  growing  high-purity  InP  layers  by  liquid- 
phase  epitaxy  (LPE).  We  found  that  not  only  is  the  Si  concentration  of  as- 
received  In  too  high,  but  also  the  LPE  growth  solution  can  be  contaminated  with 
Si  through  direct  or  indirect  contact  with  quartz  if  a strongly  reducing  gas  such 
as  dry  H^  is  present  in  the  growth  tube. 

II.  QUANTUM  ELECTRONICS 

A simple  miniature  room -temperature  pulsed  NdP^O^^  laser  excited  by  a small 
Xe  flashlamp  has  been  made,  with  threshold  energies  of  a few  hundred  milli- 
joules.  Output  energies  of  4.5  mJ  have  been  obtained  with  less  than  1 J input, 
and  further  improvement  is  expected. 

Efficient  second-harmonic  generation  has  been  achieved  in  AgGaSe^.  Using  a 
CO^  laser  with  a 0.5-nsec  pulse  length,  a second-harmonic  energy  conversion 
efficiency  of  33  percent  was  observed. 


V 


The  second  harmonic  generated  by  a CdGeAs^  crystal  pumped  by  a passively 
Q-switched  CO^  laser  has  been  scattered  from  a remote  topographic  target  and 
the  return  signals  detected.  This  system  can  be  used  for  differential  absorption 
measurements  of  the  concentrations  of  atmospheric  constituents. 

13 

Grating  tuning  of  the  optically  pumped  O CS  and  lasers  has  been  dem- 

^ ^ 13 

onstrated.  From  the  measured  53  laser  lines  of  the  O CS  laser,  the  band 
center  for  the  laser  transition  has  been  determined. 

The  second  vibrational  overtone  absorption  spectrum  of  the  mode  of  SF^  has 
been  measured  using  a 1-m  grating  spectrometer.  Only  a single  Q-branch 
transition  was  observed. 

Infrared  double-resonance  and  saturation  techniques  have  both  been  used  to 
measure  the  V-T  relaxation  of  the  mode  of  CH^F  in  dilute  solution  in  the 
cryogenic  hosts  liquid  and  liquid  Ar.  With  the  double -resonance  technique, 
a relaxation  time  of  375  ± 35  nsec  was  found  in  liquid  while  in  liquid  Ar  the 
relaxation  time  was  1.30  ± 0.15  \isec.  An  induced  absorption  was  ob- 

served in  the  double- resonance  measurement;  the  observed  anharmonicity  is  in 
good  agreement  with  the  gas -phase  literature  value. 

The  previously  developed  rotation-vibration  interaction  model  for  the  widths  of 
two-photon  resonances  in  liquid  media  has  been  used  in  an  analysis  of  recently 
reported  results  for  the  temperature  dependence  of  the  Raman  linewidth  in  liq- 
uid N^.  The  results  indicate  that  this  process  contributes  significantly  to  the 
observed  linewidths. 

Heterodyne  radiometry  with  blackbody  sources  was  used  to  determine  the  sen- 
sitivities of  GaAs  Schottky-diode  submillimeter  receivers.  At  500  ^xm,  an  NEP 
of  2 X 10"^®  W/Hz  was  measured  for  the  system. 


III.  MATERIALS  RESEARCH 

A vertical  gradient -freeze  technique  has  been  developed  for  growing  single 
crystals  of  Ni-doped  MgF^  which  will  be  used  to  determine  whether  this  mate- 
rial can  be  used  as  a tunable  source  of  near-infrared  laser  radiation.  Crystals 
of  excellent  optical  quality,  as  determined  by  interferometer  evaluation,  have 
been  grown  in  self-sealing  graphite  crucibles  in  a tungsten-element  resistance 
furnace. 

To  assist  in  the  development  of  near-infrared  lasers  and  detectors  utilizing 
Ga^In^_^As^P^_^  layers  lattice-matched  to  InP  substrates,  the  alloy  compo- 
sitions of  such  layers  have  been  determined  by  electron  microprobe  analy- 
sis, and  the  emission  wavelengths  of  lattice -matched  Ga^In^_^As^P^_y^InP 
double-heterostructure  diode  lasers  have  been  measured  at  300  and  77  K.  Over 

the  entire  lattice-matching  range,  the  composition  data  are  well  represented 
2 

by  X = 0.40y  + 0.067y  , and  the  laser  photon  energies  at  300  K are  given  by 
hp  (eV)  = 1.307  - O.eOy  4 0.03y^. 
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IV.  MICROELECTRONICS 

The  optimum  channel-stop  implants  and  field  oxide  growth  conditions  have  been 
determined  for  the  MOS  transistors  which  will  be  part  of  the  static  shift  regis- 
ter being  added  to  the  programmable  transversal  filter  to  control  the  binary 

multiplication.  An  optimum  value  for  channel  doping  was  found  to  be  3.8  X 
i 6)  —3 

10^^  cm~  , which  could  be  achieved  by  implanting  boron  at  200  keV  at  a dose  of 
13  -2 

1 X 10  cm  . The  0.8-^im -thick  field  oxide  was  grown  by  a steam  oxidation 
for  4 hr  at  1000®C,  followed  by  an  1100°C  gate  oxidation  in  dry  plus  3%  HCl 
for  18  min.,  followed  by  a 15-min.  N2  anneal.  This  process  yielded  an  accept- 
ably small  flat  band  voltage  of  —4  V. 

Several  wafers  of  the  100-  X 400-cell  CCD  imaging  devices  for  the  GEODSS 
(Ground  Electro-Optical  Deep  Space  Surveillance)  Program  have  been  fabricated 
incorporating  an  integral  light  shield  over  the  input  and  output  shift  registers. 
A total  of  12  of  84  devices  have  passed  a DC  probe  test  and  will  be  dynamically 
evaluated.  Devices  which  pass  the  dynamic  test  will  be  used  to  assemble  a 
2 -chip  prototype  hybrid  imaging  array. 

A two-level  interconnect  system  has  been  developed  for  fabricating  hybrid  inte- 
grated circuits  on  alumina  substrates.  Sputtered  aluminum  is  used  for  both 
metallization  levels,  and  insulation  between  levels  is  provided  by  either  sput- 
tered or  low-temperature  CVD  SiO^.  Substrates  for  two  complex,  multi-chip 
hybrid  circuits  have  been  fabricated  by  this  process  — one  an  8-bit  multiplier 
utilizing  8 microprocessor  chips  and  the  other  a 16-chip  CCD  sensor  array. 
Best  results  were  obtained  using  a CVD  oxide  and  a 99.5-percent  alumina  sub- 
strate polished  to  1-  to  2-^x-in.  surface  finish. 


V.  SURFACE-WAVE  TECHNOLOGY 

A process  has  been  developed  for  fabricating  polyimide-membrane  x-ray- 
lithography  masks  with  membrane  thicknesses  ranging  from  0.5  to  several 
micrometers.  Thin  membranes  are  required  so  that  they  are  relatively  trans- 
parent to  soft  x-rays.  The  process  produces  large-area  rugged  x-ray  masks 

o o 

suitable  for  use  at  the  13.3-A  Cu^  wavelength  as  well  as  at  the  44.7-A  C^  and 

o L K 

8. 34- A Al^  wavelengths. 

The  first  results  have  been  obtained  with  a new  acoustoelectric  surface- 
acoustic-wave  device,  the  integrating  correlator.  The  basic  operation  of  the 
device  is  similar  to  a correlation  receiver.  An  array  of  Schottky  diodes  held 
in  close  proximity  to  a LiNbO^  delay  line  provides  mixing  of  two  counter- 
propagating  surface  waves,  and  each  diode  integrates  the  mixer  product  over 
time.  Integration  times  of  50  msec  or  more  have  been  achieved.  For  a device 
with  a bandwidth  of  20  MHz,  this  provides  a potential  correlation  gain  in  excess 
of  50  dB. 
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I.  SOLID  STATE  DEVICE  RESEARCH 


A.  GaAs  DIRECTIONAL-COUPLER  SWITCH  WITH  STEPPED  A{3  REVERSAL 

A necessary  component  for  the  development  of  many  GaAs-based  integrated  optical  circuits 
is  an  electrooptic  2X2  waveguide  switch  having  high-power  isolation  (e.g.,  >20  dB)  in  each 
switch  state.  To  achieve  such  power  isolation,  it  is  desirable  to  be  able  to  electrically  optimize 
performance  so  that  light  incident  on  one  of  the  two  guides  can  be  confined  to  either  guide  at  the 
device  output  by  application  of  an  appropriate  bias.  One  method  of  realizing  such  a device  is  to 
fabricate  a directional-coupler  switch  in  which  the  sign  of  A/3,  the  propagation  constant  difierence 

between  the  two  coupled  guides,  is  reversed  midway  along  the  sample  length.  This  scheme  was 

1 2 
originally  proposed  by  Kogelnik  and  Schmidt  and  was  subsequently  demonstrated  by  them  in 

LiNbO^.  In  principle,  this  stepped  A/3-reversal  switch  is  superior  to  the  conventional  direetional- 
^ 3 

coupler  switch,  in  which  only  one  of  the  switch  states  can  be  electrically  optimized.  Here^,  we 
report  the  first  successful  demonstration  of  a GaAs  directional-coupler  switch  with  stepped  A/3 


reversal.  The  switch  is  characterized  at  1.06  pm  by  up  to  2 5 dB  power  isolation  in  both  s^; 
which  to  our  knowledge  is  the  largest  isolation  reported  to  date  for  a GaAs-based  device 


ates, 

(Pre- 
4 5 

viously,  17-dB  isolation  in  a conventional  GaAs  directional-coupler  switch  has  been  reported.  * ) 

The  total  power  output  for  this  A/3-reversal  device  was  constant  to  within <0.3  dB  between 

bias  and  the  optimum  bias  for  each  switch  state. 

The  switch  we  have  fabricated  is  shown  schematically  in  Fig.  I-l(a).  The  structure  consists 

of  three  closely  spaced  Pt-Au  Schottky-barrier  strip  electrodes  electroplated  through  oper  ings 

14  -3 

in  an  SiO^  film  on  a 2.7-pm-thick  n (6X10  cm  ) layer  which  was  grown  by  vapor-phase 

^+18-3  + 

epitaxy  on  an  n (1X10  cm"  ) substrate.  A back  contact  was  formed  on  the  n substrate  by 

electroplating  AuSn.  For  the  devices  reported  here,  the  two  outer  Schottky-barrier  electrodes 
were  75  pm  wide  and  were  separated  from  the  central  4-pm-wide  electrode  by  8-pm  spaces. 
Light  is  guided  in  the  n layer  and  is  laterally  confined  to  the  two  channels  between  the  el  te- 
trodes. The  structure  thus  forms  a pair  of  closely  spaced  three-dimensional  waveguides  (re- 

67  8 

ferred  to  as  metal-clad  optical  striplines  ’ ) and  can  function  as  a directional  coupler.  To 

permit  the  modes  of  switch  operation  to  be  described  here,  each  strip  electrode  had  a 25- im 

gap  midway  along  its  length  (as  shown  in  Fig.  I- 1(b)],  so  that  the  device  actually  had  six  ecual- 

length  electrodes.  For  each  switch  state,  the  two  appropriate  outer  electrodes  were  biased  and 

the  other  electrodes  were  left  open-circuited.  The  waveguides  were  formed  on  (100)  surfaces 

4 5 

with  propagation  in  the  [Oil]  direction  to  minimize  power  loss.  ' The  device  length  (11.9  mm) 
was  about  50  percent  greater  than  the  coupling  length. 

1 

In  discussing  the  operation  of  the  A/3- reversal  switch,  it  is  convenient  to  identify  the 
switch  states  as  the  straight-through  state  and  the  crossover  state,  and  to  refer  to  the  wave- 
guide into  which  light  is  end-fire- coupled  as  the  input  guide  and  to  the  other  waveguide  as  the 
coupled  guide.  Thus,  for  the  straight-through  state  the  light  at  the  device  output  face  is  con- 
fined to  the  input  guide,  and  for  the  crossover  state  the  light  at  the  device  output  face  is  CDn- 
fined  to  the  coupled  guide. 

To  obtain  the  straight-through  state,  the  device  is  operated  as  a conventional  directicnal- 
coupler  switch.  The  two  outer  electrodes  along  one  of  the  channels  are  reverse-biased,  creat- 
ing via  the  electrooptic  effect  a A/3  uniform  along  the  length  of  the  device.  This  destroys  [the 
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i 

25 
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Fig.  I-l.  (a)  Schematic  diagram  of  GaAs 
directional-coupler  A/3-reversal  switch  fab- 
ricated from  metal-clad  optical  striplines 
showing  gap  in  strip  Schottky-barrier  elec- 
trodes and  light  propagating  in  two  guiding 
channels  in  n"  layer.  Light  can  be  confined 
to  either  guide  by  reverse -biasing  appro- 
priate Schottky  barriers.  Drawing  is  not 
to  scale,  (b)  Photomicrograph  of  portion  of 
top  surface  of  a switch  showing  two  8-fim- 
wide  guides  with  4-jam  spacing  and  25 -jam 
gap  that  provides  electrical  isolation  be- 
tween sections  of  strip  Schottky  barriers. 


Fig.  1-2.  Power  vs  bias  for  each  guide 
of  GaAs  switch  for  (a)  uniform -A/3  bias 
arrangement,  and  (b)  reversed -A/3  bias 
arrangement.  Measured  total  power  for 
Vg  = Ois  same  for  both  cases.  Diagrams 
in  upper-right  portion  of  each  figure  in- 
dicate bias  configuration. 
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phase  s3mchronism  of  the  two  guides,  resulting  in  a decrease  of  both  the  coupling  length  ana  the 
fraction  of  power  transferred.  For  the  appropriate  A/3,  the  light  originally  exiting  from  the 
coupled  guide  will  be  transferred  to  the  input  guide.  To  obtain  the  crossover  state,  two  out  sr 
electrodes  that  are  diagonally  opposed  are  reverse -biased  so  that  the  sign  of  A/3  is  reversed 
midway  along  the  device  length.  For  a broad  range  of  sample  lengths  greater  than  a coupling 
length,  the  light  at  the  device  output  face  can  be  confined  to  the  coupled  guide.  As  explained  in 
detail  in  Refs.  1 and  2,  this  effect  can  be  thought  of  as  resulting  from  two  conventional] 
directional- coupler  switches  in  series.  For  equal-length  electrodes  and  ideal  structures,  ihe 
required  value  of  AP  for  each  length  is  that  which  causes  the  light  to  be  equally  divided  betw'een 
the  two  guides  midway  along  the  sample  (i.e.,  at  the  strip  electrode  gap);  since  the  differen:e 
in  propagation  constant  between  the  two  guides  is  reversed  at  this  point,  the  light  at  the  output 
face  must  emerge  from  the  coupled  guide.  In  principle,  both  switch  states  can  be  achieved  us- 
ing the  A/3-reversal  biasing  scheme;  however,  the  value  of  A/3  (and  hence  the  applied  bias)  1o 
confine  the  light  to  the  input  guide  is  considerably  larger  than  necessary  if  a uniform- A/3  biasing 
scheme  is  used.  The  best  performance  for  a A/3-reversal  switch,  in  practice,  will  generally 
be  obtained  by  biasing  each  electrode  individually  to  compensate  for  any  inherent  A/3  betweeh 
the  guides  (e.g.,  due  to  asymmetries  introduced  in  fabrication)  and  for  any  difference  in  elefc- 
trode  length. 

The  devices  were  evaluated  at  1.06  |im  using  end-fire  coupling  and  a phase- sensitive  detec- 

4 5 

tion  method  previously  described.  ' Measurements  were  made  using  a Nd:YAG  laser  polaifized 
to  excite  the  lowest-order  TE  mode.  Switching  performance  was  determined,  and  losses  due 
to  attenuation  along  the  guide  length  and  to  the  strip  electrode  gap  were  evaluated. 

Transmission  measurements  through  single-mode  S-pm-wide  guides  with  no  electrode  gap 
fabricated  on  the  same  chip  with  the  switches  indicated  that  the  loss  coefficient  a was  •^1.6 
(6.9  dB/cm).  Comparison  of  transmission  through  single  guides  and  couplers  with  and  without 
a gap  fabricated  on  the  same  chip  indicated  that  loss  due  to  the  gap  was  small  «0.2  dB).  A 
small  loss  is  consistent  with  theoretical  loss  estimates  based  on  the  spreading  of  a waveguide 
mode  (modeled  as  a Gaussian)  over  a region  where  the  refractive  index  difference  responsible 

9 

for  lateral  confinement  is  removed.  A small  loss  is  also  predicted  from  simple  diffract! oi^ 
arguments,  since  the  8-pm  guide  width  is  equivalent  to  about  26  wavelengths  at  1.06  pm  in  (}aAs. 

The  switching  performance  of  these  devices  is  shown  in  Fig.  I-2(a-b)  which  indicates  the 


-1 


variation  with  bias  of  the  output  power  P.  from  the  input  guide,  from  the  coupled  guide, 
the  total  power  P.  + P^ 


and 


I-2(a) 
H2.5  V. 


The  data  were  obtained  by  biasing  the  electrodes  individually  as  sfiown 
in  the  upper- right  portion  of  each  plot.  To  obtain  these  plots,  the  voltage  Vp  on  the  biased 
electrode  nearest  the  output  was  fixed  at  its  predetermined  optimum  value  (i.e.,  highest  power 
isolation),  and  the  voltage  Vg  on  the  biased  electrode  nearest  the  input  was  varied.  Figure 
indicates  that  for  the  straight-through  state,  the  optimum  biases  are  Vp  = — 5 V and  Vg  = — 

This  results  in  21 -dB  power  isolation  between  the  guides.  The  total  output  power  decreases 
0.3  dB  between  zero  and  optimum  bias.  For  the  crossover  state,  shown  in  Fig.  I-2(b),  23-(JB 
power  isolation  is  obtained  for  Vp  = — 10  V and  Vg  = —18  V.  In  this  case,  the  total  power  output 
is  constant  to  within  0.1  dB  between  zero  and  optimum  bias.  The  optimum  power  isolations 
ported  here  could  be  obtained  for  a range  of  ± 1 V about  the  given  Vp  values  by  adjusting  V^ 

<1  V for  each  Vp.  When  equal  voltages  were  applied  to  both  electrodes,  power  isolation  ir 
switch  states  was  degraded  from  the  optimum  values.  For  the  straight-through  state,  19-d;3  iso- 
lation was  obtained  at  —10  V;  and  for  the  crossover  state,  15-dB  isolation  was  obtained  at  -25  V. 


re- 

by 

both 
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2 

A similar  degradation  was  reported  for  LiNbO^  devices.  The  need  for  separate  biases  for 
optimum  isolation  can  probably  be  attributed  to  asymmetries  in  the  device  introduced  in  fab- 
rication. In  fact,  initial  experiments  on  switches  carefully  fabricated  to  minimize  asymmetry 
show  2 3-dB  isolation  in  both  switch  states  for  equal-voltage  bias  arrangements.  Optimum 
performance  of  25-dB  isolation  for  these  switches  was  obtained  for  voltage  differences  of  <4  V. 

As  is  evident  in  Fig.  1-2,  there  is  appreciable  power  loss  for  biases  greater  in  magnitude 
than  20  V,  with  the  effect  somewhat  more  pronounced  for  the  uniform-Ai3  arrangement.  Although 
the  bias  range  greater  than  20  V is  not  of  interest  here,  similar  power  loss  was  reported  for 

g 

conventional  GaAs  directional-coupler  switches  fabricated  from  metal-clad  guides.  The  prob- 
lem can  perhaps  be  avoided  by  fabricating  A/3-reversal  switches  using  p^n"n^  channel-stop  strip 

guides,  since  conventional  switches  made  with  this  type  of  guide  exhibited  power  conservation  to 

4 5 + - + 

within  0.2  dB  for  voltages  corresponding  to  comparable  electric  fields.  ' [Also,  the  p n n 

1011  -1 

guides  have  exhibited  lower  attenuation  ' (u  1 cm  ) than  the  metal-clad  guides  reported 
here.  | 

For  a number  of  applications  (e.g.,  large  bandwidth),  a A/3-reversal  switch  of  minimum 
length  would  be  useful.  This  can  be  achieved  by  using  a sample  only  slightly  longer  than  a cou- 
pling length.  In  this  case,  the  device  would  be  in  the  crossover  state  at  zero  bias.  The  power 
isolation  in  this  crossover  state  could  be  optimized  by  application  of  a few  volts  in  the  reversed - 
A/3  bias  arrangement.  Preliminary  results  demonstrating  this  concept  were  obtained  with  an 
8.5-mm-long  GaAs  switch  having  7-|jLm-wide  guides  and  5-|jLm  spacing.  This  device  was  about 
10-percent  longer  than  the  coupling  length.  The  zero-bias  value  of  13-dB  isolation  in  the  cou- 
pled guide  was  improved  to  19  dB  by  biases  of  Vp  = 0 V and  Vg  = — 4 V.  Light  confinement  of 
19  dB  was  also  obtained  in  the  straight-through  state  by  a uniform- A/3  bias  arrangement  with 


Vp  = Vg  = - 30  V. 

The  small  value  of  the  loss  associated  with  the  strip  electrode  gap  suggests  that  it  should 
be  feasible  to  use  similar  gaps  to  electrically  isolate  waveguide  devices  on  a common  GaAs 
substrate.  For  example,  a pair  of  passive  waveguides  could  be  fabricated  with  one  section, 
separated  by  gaps,  serving  as  a switch.  Also,  low-loss  right-angle  GaAs  waveguide  intersec- 
tions could  be  fabricated.  The  2 5-^xm  gaps  used  here  are  not  a lower  limit  on  gap  size,  and  the 
loss  associated  with  the  gap  theoretically  would  be  expected  to  decrease  as  the  gap  became 
smaller.  For  the  A/3-reversal  GaAs  switches  of  the  type  reported  here,  edge-breakdown  con- 
siderations suggest  that  the  smallest  gap  between  biased  electrodes  is  on  the  order  of  twice  the 

epitaxial-layer  thickness.  p j Leonberger 

C.  O.  Bozler 


B.  DETERMINATION  OF  THE  p-n  JUNCTION  LOCATION  IN  DOUBLE- 
IlKTEROSTRUCTURE  GalnAsP/lnP  LASER  DIODES 

Double-heterostructure  (DH)  GalnAsP/lnP  lasers  were  investigated  by  using  a scanning 

12 

electron  microscope  (SEM).  The  DH  samples,  which  are  similar  to  those  reported  previously, 

were  prepared  by  growing  successive  liquid-phase-epitaxial  (LPE)  layers  of  n-InP,  n-GalnAsP, 

and  p-InP  on  (1 11  )B-oriented  melt-grown  n-lnP  substrates.  The  two  barrier  layers,  namely 

n-InP  and  p-InP,  were  doped  with  Sn  and  Zn,  respectively,  to  a carrier  concentration 
18  3 

^^3  X 10  cm  . The  GalnAsP  active  layer  was  either  undoped  or  Sn-doped,  and  its  carrier 
concentration  varied  from  10^^  to  10^^  cm  The  GalnAsP  layers  were  determined  to  be  n-type 
from  Hall  measurements,  which  were  made  on  GalnAsP  layers  grown  on  semi-insulating  InP 
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substrates  under  the  same  growth  conditions.  Both  InP  layers  are  2 to  3 |im  thick,  while  thje 

thickness  of  the  GalnAsP  layer  varied  from  0,1  to  1 ^^m.  The  growth  temperature  and  the  growth 

time  for  the  p-InP  layer  are  typically  620 ®C  and  10  min.,  respectively.  1 

The  samples  were  made  into  broad-area  devices,  following  the  fabrication  procedures 
12 

described  earlier.  Devices  with  ideal  I-V  characteristics  and  mirror-like  cleaved  facets  [were 
selected  for  further  investigations. 


Fig.  1-3.  SEM  photomicrograph  of 
cleaved  and  etched  cross  section  of 
a DH  GalnAsP/lnP  laser.  An  in- 
duced current  trace  was  superim- 
posed on  secondary  emission  image 
(X  13,000). 
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The  heterojunction  interfaces  were  delineated  by  etching  the  cleaved  cross  section  in  a Solu- 
tion of  3H2S0^:1H202:1H20  at  room  temperature  for  20  sec.  An  SEM  photomicrograph  of  the 
cleaved  section  of  a typical  broad-area  device  is  shown  in  Fig.  1-3.  The  two  heterojunction 
interfaces  between  the  InP  and  the  GalnAsP  layers  are  revealed  in  the  secondary  emission  image, 
and  the  location  of  the  p-n  junction  is  identified  by  the  peak  of  the  superimposed  current  trace. 
For  all  the  devices  tested  in  this  work,  the  p-n  junction  was  found  to  coincide  with  the  n-InP/ 
GalnAsP  interface  to  within  0.1  ^m,  which  indicates  that  the  GalnAsP  layer  has  been  converted 
to  p-type  during  the  growth  of  the  p-InP  layer.  This  phenomenon  is  caused  by  the  diffusion  bf 
Zn  from  the  p-InP  layer  through  the  GalnAsP  and  further  into  the  n-InP  region.  It  is  noted  that 
the  n-InP  layer  remained  n-type,  due  to  the  fact  that  since  the  n-InP  layer  is  more  heavily  doped, 
the  amount  of  Zn  which  diffused  into  this  layer  was  not  able  to  compensate  sufficiently  to  convert 
the  n-InP  layer  to  p-type.  As  a result,  the  p-n  junction  was  pinned  at  the  n-InP/GalnAsP  irjter- 

face.  For  the  sample  shown  in  Fig.  1-3,  the  effective  Zn  diffusion  coefficient  in  the  GalnAsF 

-11  2 -1  ^ 
region  is  estimated  to  be  1.4  X 10  cm  sec  at  620  ®C.  This  value  is  the  same  order  of  | 

magnitude  as  that  reported  for  InP  (Ref.  13)  at  a diffusion  temperature  of  650°C  using  a cher^iical 

diffusion  method.  | 

These  results  thus  suggest  that  the  fast  diffusion  rate  of  Zn  in  GalnAsP  causes  a shift  of 

the  p-n  junction  during  the  growth  process.  In  order  to  prevent  the  p-n  junction  from  occur|ring 

18-3 

in  the  n-InP,  a heavily  doped  n-InP  layer  (i.e.,  3 x 10  cm”  ) is  required. 


C.  C.  Shen 
J.  J.  Hsieh 
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C.  PROTON  BOMBARDMENT  IN  InP 


It  has  previously  been  shown  that  proton  bombardment  can  be  used  to  make  high-resistivity 
layers  in  both  p-  and  n-type  GaAs  (Refs.  14  to  19),  AI  Ga.  As  (Refs.  19  and  20),  and  GaP 
(Ref.  21),  and  that  this  technique  is  useful  in  device  processing.  It  has  been  used  in  the  fabri- 
cation of  avalanche  photodiodes, IMPATT  diodes,^ planar  transferred  electron  logic 

27  28  29 

devices,  planar  Schottky-barrier  detector  diodes,  "stripe-geometry"  lasers,  field-effect 

transistors,^^  and  optical  waveguides Recently,  proton  bombardment  in  InP  was  used  in 
the  fabrication  of  stripe-geometry  InP/inGaAsP  lasers.^ ^ Although  the  resistivity  of  the  bom- 
barded region  was  apparently  increased  sufficiently  to  confine  the  diode  current  to  the  stripe, 
no  actual  measurements  of  the  electrical  properties  of  the  bombarded  p-InP  were  made.  In 
this  section  we  will  present  results  of  a study  on  the  effects  of  proton  bombardment  on  the  elec- 
trical properties  of  n-  and  p-type  InP.  Unlike  results  in  the  Ga-based  III-V  compounds,  we 
found  that  the  resistivity  of  n-type  InP  can  be  increased  only  to  «10^  R-cm;  that  of  p-type  InP, 

g 

however,  can  be  increased  to  >10  R-cm  for  an  optimum  proton  dose.  A simple  model  is  pre- 
sented which  explains  all  the  results  obtained  to  date. 

The  InP  samples  used  in  these  experiments  were  cut  from  bulk  (111  )-oriented  n-type,  p-type, 
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and  high- resistivity  Fe-doped  (p  10  R-cm)  crystals.  The  carrier  concentration  of  the  n-type 
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samples  ranged  from  1X10  to  1X10  cm"  , and  that  of  the  p-type  samples  from  5 X 10 
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to  5 X 10  cm"  . After  polishing,  the  B face  of  each  sample  was  etched  in  a 1-part  acetic 

34 

acid:  1-part  perchloric  acid:  5-parts  nitric  acid:  1-part  hydrochloric  acid  solution.  For 

o 

initial  experiments,  thin  gold  contacts  (<1000  A)  were  electroplated  on  the  InP  prior  to  bombard- 

o 

ment.  For  subsequent  experiments  in  which  the  bombarded  samples  were  annealed,  a 1000- A 
layer  of  SiO^  was  first  pyrolytically  deposited  at  320 ®C.  After  the  bombardment  and  anneal, 
holes  were  opened  in  the  SiO^  and  gold  contacts  were  electroplated  or  evaporated.  The  gold 
contacts  in  all  cases  were  20  mils  in  diameter.  For  the  purposes  of  these  experiments,  the 
effects  of  the  SiO^  and  the  thin  gold  contacts  on  the  range  of  protons  could  generally  be  neglected. 
A large-area,  plated-gold  back  contact  was  usually  used  to  contact  the  substrate.  To  evaluate 

the  effects  of  the  bombardments,  the  equivalent  parallel  resistance  and  capacitance  of  these 

35  36 

Au-InP  structures  were  measured.  In  addition.  Hall  measurements  of  the  van  der  Pauw  type 

were  made  on  several  samples. 

Both  single-energy  400-keV  and  multi-energy  proton  bombardments  were  carried  out  with 

the  InP  samples  at  room  temperature.  As  in  earlier  results  on  n^-GaAs  (Ref.  35),  a multiple- 

energy  proton  bombardment  was  generally  found  to  be  superior  to  a single-energy  bombardment. 

The  multi-energy  bombardment  schedule  used  was  based  on  a dose  of  N at  400  keV,  0,6  N at 
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300  keV,  0.3  N at  200  keV,  and  0.2  N at  100  keV  (where  N is  given  in  units  of  cm  ).  (There 
is  some  indication  that  an  additional  dose  of  0.1  N at  50  keV  may  provide  an  even  more  "uniform- 
damage"  region.)  Neglecting  the  energy  loss  in  the  gold  contact  or  Si02,  the  depth  to  which  this 
bombardment  schedule  affects  the  resistivity  of  the  InP  was  found  to  be  approximately  3.8  jim. 
This  was  determined  from  the  capacitance  (5.8  pF  for  a 20-mil-diameter  Au  contact)  measured 
on  p-type  InP  bombarded  with  an  optimum  dose  (see  below). 

For  bombarded  n-type  InP,  the  current-voltage  characteristics  of  the  Au-InP  devices  were 
generally  linear.  The  contact-to-substrate  resistance  increased  with  proton  dose  up  to  a maxi- 
mum of  600  to  800  R,  irrespective  of  the  initial  carrier  concentration  of  the  samples.  This 

resistance  is  much  greater  than  the  initial  resistance  of  the  Au-InP,  especially  for  samples 
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with  initial  concentrations  >1X10  cm  . Using  a depth  of  3.8  pm  and  the  area  of  the  gold 
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contacts,  the  maximum  resistance  corresponds  to  an  average  resistivity  in  the  bombarded  re- 
gion of  «(3  to  4)  X 10^  J?-cm,  The  minimum  dose  required  to  achieve  this  resistivity  increases 

slightly  with  increasing  initial  carrier  concentration.  A multi-energy  bombardment  with 
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N = 1 X 10  cm  (see  above  schedule)  is  generally  sufficient  for  n « 1 x 10  cm"  materiil. 

At  higher  doses,  the  resistivity  decreases  slightly  with  increasing  dose. 

On  unbombarded  or  lightly  bombarded  p-type  InP,  the  electrical  characteristics  of  the 

Au-InP  devices  are  those  of  a Schottky  barrier  on  p-type  material.  With  increasing  dose,  the 

current-voltage  characteristics  become  more  symmetrical  and  the  capacitance  decreases  tc> 

minimum  of  «5.8  pF.  For  an  optimum  dose,  the  current  is  linear  with  voltage  out  to  >±25  V. 

g 

The  observed  resistance  corresponds  to  a resistivity  >10  Q-cm.  For  p-type  samples  with  an 
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initial  concentration  of  5 X 10  cm  , the  optimum  multiple -energy  dose  corresponds  to  an  N 
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of  approximately  1 X 10  cm  . The  optimum  dose  for  p = 5X10  cm  material  is  about 

18-3 

0.3  of  that  required  for  p « 5 X 10  cm"  material.  For  doses  higher  than  the  optimum,  thje 

resistivity  of  the  bombarded  layer  decreases  and  the  I-V  characteristics  of  the  Au-InP  devices 
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begin  to  look  like  diodes.  For  high  doses  (N  « 3 X 10  cm  ),  the  diffusion  voltage  extrapo|lated 
from  the  forward  I-V  characteristics  of  these  diodes  is  0.8  to  0.9  V,  and  the  forward  series 
resistance  is  approximately  900  9. 

All  these  results  can  be  explained  using  the  simple  model  shown  in  Fig.  I-4(a-c).  In  this 
model  it  is  assumed  that  the  proton  bombardment  creates  deep  donors  and  deep  acceptors  which, 
when  they  become  sufficiently  greater  than  the  initial  number  of  net  shallow  donors  or  acceptors, 
pin  the  Fermi  level  at  about  0.30  to  0.34  eV  above  the  intrinsic  Fermi  level  E.  (or  0.26  to  0.30  eV 
below  the  conduction-band  edge).  There  could  be  only  one  deep-donor  level  and  one  deep-ac|ceptor 


DEEP  ACCEPTORS  { 


DEEP  DONORS 


ilM-14179-l1 


= “1“ 


- HIGH-DOSE  E,, 


0.30  TO  0.34  eV 


(a) 


INITIAL  E,, 


•HIGH-DOSE  E,, 
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n-TYPE  P-TYPE 
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Fig.  1-4.  Simple  theory  of  proton  bombardment  in  InP:  (a)  position 

of  Fermi  level  for  high  doses;  (b)  effects  on  n-type  material;  and 
(c)  effects  on  p-type  material. 
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TABLE  1-1 

1 fi 

MULTIPLE-ENERGY  PROTON  BOMBARDMENT  IN  p » 5 X 10  cm  InP 

Sample 

Proton  Bombardment 

No  Anneal 

200®C  Anneal 

300®C  Anneal 

400® C Anneal 

Energy 

(keV) 

Dose 

(cm-2) 

Ro 

(Mfi) 

c* 

(pF) 

Ro 

(MQ) 

c* 

(pF) 

Ro 

(MQ) 

c* 

(pF) 

Ro 

(MQ) 

c* 

(pF) 

1 

400 

300 

200 

100 

1.0  X 

6.0  X lo’^ 

3.0  X lo’^ 

1 3 

2.0  X 10 

>50 

6.5 

>100 

6.0 

Schottky 

barrier 

83.2 

- 

- 

2 

400 

300 

200 

100 

14 

3.0  X 10 

14 

1.8  X 10 

9.0  X lo’^ 

6.0  X lo’^ 

n -p  Junction 

11.1 

=5  MQ 

5.8 

>25 

6.0 

Schottky 

barrier 

28.0 

3 

400 

300 

200 

100 

3.0  X 10^^ 

1.8  X 10^^ 
14 

9.0  X 10 

14 

6.0  X 10 

n -p  Junction 

76.5 

n -p  Junction 

40.7 

n -p  Junction 

29.2 

>30 

6.0 

*Capacitance  measured  at  500  kHz. 

0 

For  20-mil-diameter  contact  on  ideal  3.8-pm-thick  10  Q-cm  layer,  R =18  MQ  and  C = 5.  8 pF. 
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level  or  a whole  series  of  donor  and  acceptor  levels  as  shown  in  Fig.  I-4(a).  It  is  not  mate|rial 
to  this  simple  model  if  the  donors  or  acceptors  are  closer  to  the  conduction- band  edge.  If  they 
are  associated  with  the  same  defects  or  complexes,  however,  the  acceptor  levels  for  any  par- 
ticular center  would  be  closer  to  the  conduction- band  edge.  In  n-type  material,  as  shown  iiji 
Fig.  I-4(b),  the  Fermi  level  moves  downward  with  increasing  proton  dose  until  it  becomes  panned 
at  a position  designated  as  the  high-dose  Fermi  level.  At  this  point,  the  resistivity  is  nomjnally 
10^  n-cm.  At  very  high  doses,  banding  of  the  defect  levels  will  probably  reduce  the  resistivity. 
In  p-type  material,  as  shown  in  Fig.  I-4(c),  the  Fermi  level  moves  upward  with  increasing  pro- 
ton dose.  At  a dose  when  the  Fermi  level  is  near  the  intrinsic  Fermi  level  (probably  just  bjelow, 
depending  on  the  ratio  of  hole  to  electron  mobility),  the  resistivity  achieves  a maximum.  For 
higher  doses,  the  Fermi  level  continues  to  move  toward  the  conduction-band  edge  and  the  b(j)m- 
barded  layer  becomes  weakly  n-type.  Based  on  this  model,  the  Au-InP  devices  on  p-type  njia- 
terial  will  look  like  Schottky  barriers  for  low  doses,  metal  semi -insulating  semiconductor  | 
structures  near  the  optimum  dose,  and,  for  higher  doses,  n -p  junctions  with  a high  forwaifd 
resistance  due  to  the  n layers. 

As  a check  on  the  model.  Hall  measurements  of  the  van  der  Pauw  type^^  were  made  on! 

7 

heavily  bombarded  layers  in  p-type  and  Fe-doped  (p  « 10  Q-cm)  material.  Several  of  the 
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Fe-doped  samples  had  a thin  Mg  ion-implanted  p-type  layer  (see  Sec.  D below)  with  a sheet 

13-2  2 

centration  of  4 X 10  cm  and  a mobility  of  80  cm  /V-sec.  After  a standard  multi-energ^j^ 

bombardment  with  N = 1 X 10^^  or  3 X 10^^  cm  n-type  conductivity  was  observed  on  all  | 

samples.  Using  a depth  of  3.8  pm  for  the  bombarded  region,  these  measurements,  howeve^, 
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generally  give  resistivities  in  the  range  of  200  to  1000  Q-cm  with  n (0.4  to  1)  X 10  cm  and 
2 

p 100  to  500  cm  /V-sec.  These  resistivity  values  are  considerably  lower  than  those  obtained 
from  I-V  measurements  on  the  Au-InP  devices.  The  resistivities  determined  from  the  I-V 
measurements  could  be  too  high  due  to  unaccounted-for  contact  resistance.  On  the  other  hand, 
the  resistivity  determined  from  the  van  der  Pauw  measurements  could  be  too  low  due  to  cur  rent 
leakage  through  the  substrates.  At  the  present  time,  the  resistivities  obtained  by  the  two  mjethods 
can  be  considered  an  upper  and  lower  limit,  respectively.  Therefore,  a fairly  wide  range  i(or 
the  position  of  the  high-dose  Fermi  level  has  been  given,  and  the  high-dose  resistivity  has  been 
nominally  shown  as  about  10^  R-cm  in  Fig.  1-4. 

Since  many  of  the  devices  in  which  proton  bombardment  may  be  used  could  be  subjectec  to 
elevated  temperatures  through  post-bombardment  fabrication  procedures  and/or  operating  (Con- 
ditions, the  annealing  characteristics  of  the  proton-bombarded  layers  in  p-type  InP  were  in- 
vestigated. The  annealing  behavior  was  found  to  be  qualitatively  similar  to  that  reported  for 
proton-bombarded  GaP  (Ref.  21)  and  n^-GaAs  (Ref.  35).  For  p-type  InP  bombarded  with  the 
optimum  dose  for  maximum  resistivity  without  an  anneal,  the  resistivity  decreases  with  increas- 
ing anneal  temperature.  For  higher  doses,  the  resistivity  is  initially  lower  but  increases  \Hth 
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anneal  temperature  until  it  reaches  a maximum  in  the  10  R-cm  range.  The  optimum  anneal 
temperature  increases  with  dose.  Table  I-l  summarizes  the  pertinent  results  obtained  on 
p-type  material  with  an  initial  carrier  concentration  of  5 X 10  cm”  . This  table  lists  the  DC 
resistance  R^  (measured  on  a curve  tracer)  and  the  capacitance  C (measured  at  500  kHz)  of 
three  samples  bombarded  with  different  doses,  portions  of  which  were  annealed  for  15  min.  at 

g 

several  different  temperatures  up  to  400 ®C.  For  an  ideal  3.8-fjim-thick  layer  of  10  n-cm 
material,  the  resistance  and  capacitance  of  a 20-mil-diameter  gold  contact  would  be  18.7  ivjfi 
and  about  5.8  pF,  respectively.  For  reference,  the  current-voltage  characteristics  of  devi|ces 
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Fig.  1-5.  Current -voltage  characteristics  of 
20-mil-diameter  gold  contacts  on  multi-energy 

+ 18-3 

proton -bombarded  p -InP  (p  x 10  cm  ) 

with  (a)  no  annealing  and  (b)  a 200 ®C,  15 -min, 

anneal.  InP  was  bombarded  with  proton  doses 

of  1 X 10^"^  cm  ^ at  400  keV,  6 X 10^^  cm  ^ at 
300  keV,  3 X 10^^  cm'^  at  200  keV,  and  2 X 
10^^  cm  ^ at  100  keV. 
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20 
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Fig.  1-6.  Capacitance  vs  voltage  of  20-mil-diameter  gold  contacts  on 
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two  multiple -energy  proton-bombarded  p ^ 5 x 10  cm  InP  samples 
from  Table  I-l,  with  sample  1 annealed  at  200® C and  sample  3 annealed 
at  400 ®C.  Capacitance  was  measured  at  500  kHz. 
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on  sample  1 with  no  anneal  and  with  a 200  ®C  anneal  are  shown  in  Fig,  I-5(a-b).  The  resistance 
of  the  piece  annealed  at  200®C  corresponds  to  a resistivity  of  5 x 10®  f2-cm.  Very  little  leakage 
current  flows  out  to  ±40  V,  where  the  average  electric  field  is  «10^  V/cm. 

Several  points  can  be  noted  relative  to  the  data  of  Table  I-l.  For  sample  1,  the  resistance 
after  a 200*C  anneal  was  somewhat  higher  than  that  before  annealing,  while  after  a 300 ajnneal 
the  electrical  characteristics  appear  to  be  that  of  a Schottky  barrier  on  p material.  For  siample 
2 with  its  higher  proton  dose,  the  resistivity  probably  reaches  a maximum  for  an  anneal  between 
200®  and  300  ®C,  and  again  Schottky-barrier  characteristics  are  observed  for  a 400 ®C  anneal. 

In  sample  3 with  the  highest  proton  dose,  the  resistivity  increases  with  anneal  tempera turel 
reaching  a value  in  excess  of  10®  f2-cm  at  400  ®C.  In  both  samples  2 and  3,  anneals  at  temper- 
atures well  below  the  optimum  resulted  in  n -p  junctions  with  high  forward  resistances.  Tpis 
pattern  of  annealing  characteristics  can  be  qualitatively  explained  by  postulating  that  more  ^han 
one  type  of  compensating  defect  or  complex  is  being  created  by  the  proton  bombardment,  aiid 
that  each  type  anneals  out  at  a somewhat  different  temperature. 

The  capacitance  (measured  at  500  kHz)  vs  voltage  of  devices  from  sample  1 annealed  a^ 
200®C  and  from  sample  3 annealed  at  400  ®C  are  shown  in  Fig,  1-6.  There  is  little  variatiori|  in 
capacitance  out  to  high  voltages  (>45  V)  in  either  bias  direction.  The  zero-bias  capacitancje 
and  AC  resistance  as  measured  on  a bridge,  however,  were  found  to  vary  with  frequency.  This 
is  shown  in  Fig.  1-7  for  devices  on  the  same  two  samples.  The  AC  resistance  r appears  to(  be 
inversely  proportional  to  f“^/^  at  higher  frequencies,  while  the  capacitance  C decreases  wjith 
frequency,  asymptotically  approaching  a constant  value  at  the  higher  frequencies.  This  typje  of 
behavior  is  similar  to  that  observed  in  proton-bombarded  n^-GaAs  (Ref.  35)  and  is  believed^to 


be  due  to  a hopping  conductivity, 


37.38 


h8-a-i4i80-ii 


Fig,  1-7,  AC  resistance  and  capacitance 
of  20-mil-diameter  gold  contacts  on  two 
multi-energy  proton-bombarded  p = 5 x 
18  -3 

10  cm  InP  samples  from  Table  I-l, 
with  sample  1 annealed  at  200® C and  sam- 
ple 3 annealed  at  400 ®C. 
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These  results  indicate  that  proton  bombardment  can  increase  the  resistivity  of  n-type  InP 
only  to  a level  of  about  10^  Q-cm,  while  the  resistivity  of  p-type  InP  can  be  increased  to 

g 

>10  n-cm  for  an  optimum  multiple -energy  dose  or  an  optimum  combination  of  dose  and  post- 
bombardment anneal.  For  properly  chosen  proton  doses,  high-resistivity  layers  can  be  achieved 
even  with  post-bombardment  temperatures  reaching  at  least  as  high  as  400 ®C, 

J.  P.  Donnelly 
C.  E.  Hurwitz 


D.  ION  IMPLANTATION  IN  InP 


Ion  implantation  in  InP  has  the  potential  of  being  of  significant  practical  importance  in  the 
fabrication  of  optoelectronic  and  microwave  devices.  In  this  section,  some  initial  results  on 
the  use  of  implantation  to  create  n-type,  p-type,  and  high- resistivity  layers  in  InP  will  be  sum- 
marized. Details  of  the  encapsulation  system  and  implantation  results  will  be  given  in  subse- 
quent reports. 

In  general,  post-implantation  anneal  temperatures  of  725®  to  750 °C  were  required  to 
achieve  high  electrical  activity  of  the  implanted  ion  species.  To  protect  the  InP  from  decompo- 
sition and  anomalous  carrier-concentration  changes  at  these  temperatures,  a pyrolytic  phospho- 
silicate  glass  (PSG)  encapsulation,  which  permitted  reproducible  annealing  at  temperatures  in 
excess  of  750 ®C,  was  developed. 

For  n-type  layers,  400-keV  Se^  or  Si^  ions  were  implanted  into  high -resistivity 
(p  >10^  fi-cm)  Fe-doped  InP  substrates  held  at  both  room  temperature  and  200 ®C.  For  doses 
of  10  Se  /cm  , the  sheet  carrier  concentration  of  the  implanted  layers  did  not  depend  on  the 
substrate  temperature,  whereas  the  sheet  mobility  was  consistently  «20  percent  higher  on  the 
samples  implanted  at  200®C.  For  doses  ^10^^  Se^/cm^,  higher  values  of  both  sheet  carrier 

concentration  N and  mobility  \x  were  obtained  for  implants  made  into  the  heated  substrates. 

® ® 14+2 

Following  a 750  °C,  15-min.  anneal,  samples  implanted  at  200  ®C  with  1 X 10  Se  /cm  exhibited 

an  N of  7.8  x 10  cm  and  a |i  of  1810  cm^/V-sec.  At  a dose  of  1 x 10  Se  /cm^,  N and 

^14-2^2  ^ 

p were  3 X 10  cm  and  1300  cm  /V-sec,  respectively,  which  corresponds  to  a sheet  resis- 

^ / + + 
tivity  of  16  Jl/D.  The  results  obtained  with  Si  were  similar  to  those  using  Se  ions. 

To  make  p-type  layers  in  Fe-doped  InP,  Be^,  Mg^,  and  Cd^  were  implanted  at  50,  150, 

and  400  keV,  respectively.  Mg  was  also  implanted  into  n-type  InP  (n  « 4 X 10  cm"  ) with 

results  similar  to  those  obtained  in  the  high- res  is  tivity  substrates.  Implantation  of  Mg^  into 

substrates  at  room  temperature  resulted  in  higher  sheet  carrier  concentrations  than  implanta- 

14  + 2 

tion  into  heated  substrates.  Samples  implanted  at  room  temperature  with  1X10  Mg  /cm 

13  -2 

and  annealed  at  750 °C  for  15  min.  yielded  values  of  N and  \x  of  5.2  x 10  cm  and 

83  cm  /V-sec,  respectively.  For  the  heavier  ion  (Cd  ),  however,  the  opposite  result  was 

found,  and  higher  sheet  carrier  concentrations  were  obtained  on  samples  implanted  at  200  °C. 

For  a sample  implanted  at  200  ®C  with  1 x 10^"^  Cd^/cm^  and  annealed  at  750°C,  N and  p were 
13  2 2 s s 

3.6  X 10  cm  and  90  cm  /V-sec,  respectively. 

Although  it  was  found  that  proton  bombardment  could  convert  p-type  InP  to  high- resistivity 

g 

material  (p  > 10  Jl-cm),  this  technique  was  not  similarly  useful  for  substantially  increasing 
the  resistivity  of  n-type  material  (see  Sec.  C above).  Implantation  of  Fe,  however,  was  found 
to  be  quite  effective  in  creating  high- resistivity  layers  in  n-type  InP.  A multi-energy  (flat 
profile)  Fe  implant  in  n-type  InP  (n  « 4 X 10^^  cm  ^)  followed  by  a 72  5®C  15-min.  anneal  re- 
sulted in  layers  with  a resistivity  «10^  fl-cm.  j p 

C.E.  Hurwitz 
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E.  Si  CONTAMINATION  OF  LPE  InP 

Our  early  attempts  to  grow  high-purity  InP  by  liquid-phase  epitaxy  (LPE)  from  an  In-i^ich 
solution  have  shown  that  silicon  contamination  is  a key  problem.  Not  only  is  the  Si  conceni ra- 
tion in  as -received  In  too  high  for  our  requirements,  but  the  growth  solution  can  be  further 
contaminated  through  direct  or  indirect  contact  with  quartz  if  a strongly  reducing  gas  such 
dry  is  present  in  the  growth  tube.  Reports  in  the  literature  on  LPE  growth  of  high-purity 
InP  have  been  incomplete  in  that  the  partial  pressure  of  H2O  in  the  atmosphere  of  over 
growth  has  either  not  been  measured  or  has  not  been  reported,  and  it  is  this  parameter  thalt 
determines  the  equilibrium  concentration  of  Si  in  the  growth  solution  at  a given  temperature.  A 
similar  situation  exists  for  the  Si  contamination  of  Ga-rich  growth  solutions  for  GaAs  grow 
However,  the  distribution  coefficient  kg.,  which  is  the  ratio  of  the  Si  concentration  in  the  g 
to  that  in  the  solution,  is  much  less  than  1 for  GaAs  but  is  ^30  for  InP  (Ref.  41).  With  this 


the 


rowth 

large 

ivith 


ko*.  the  minimum  donor  concentration  that  can  be  expected,  using  our  best  as-received  In 

18-3 

a few  ppm  Si,  is  '^1  X 10  cm 

The  mechanism  for  Si  contamination  from  the  vapor  is  a two-step  process.  First,  during 
baking  or  growth,  gaseous  SiO  is  formed  by  the  reaction 


SiO^is)  + H^ig) 


SiO(g)  + H20(g) 


where  s,  i , and  g specify  the  solid,  liquid,  or  gaseous  phase  of  the  substrate.  In  the  sec 
step,  the  SiO  is  reduced  by  contact  with  the  molten  In,  and  the  Si  dissolves  in  the  solution 

2In(f)  -H  SiO(g)  -In20(g)  + Si(f)  . 


Weiner  has  worked  out  the  kinetics  of  the  Si  contamination  of  a Ga  solution  as  a function  of 


perature  and  partial  pressure  of  H^O  (Ref.  40),  By  using  thermodynamic  values  in  the  literature 
for  the  free  energy  of  In20  and  the  solubility  of  Si  in  In,  it  is  possible  to  make  similar  calcula- 
tions for  the  Si  contamination  of  In  solutions.  An  interesting  second  case  considered  by  W(dner 
is  that  of  direct  Ga  contact  with  a silica  boat,  whereby  contamination  can  occur  by  the  reaction 
(written  here  in  terms  of  In  instead  of  Ga) 

SiO^is)  + 4In(l)  — 2In20(g)  + Si(i)  . 

This  reaction  is  of  interest  even  without  the  silica  boat  because,  if  driven  to  the  left  by  a suffi- 
ciently high  Ih20  pressure  (controlled  by  the  H^O  pressure),  purification  of  the  In  is  achie\^ed. 
The  Si02  formed  presumably  floats  to  the  surface  where  it  either  does  not  interfere  with  the 
growth  or  can  be  etched  away.  Again,  it  is  possible  to  calculate  the  kinetics  and  the  equilil>rium 
values  for  the  purification  process,  except  that  the  limiting  rate  is  expected  to  be  set  by  thfe 
diffusion  of  Si  to  the  In  surface,  rather  than  by  the  flow  of  gaseous  reactants  to  the  In  surface, 
as  treated  by  Weiner.  In  Fig.  1-8,  we  show  results  of  the  equilibrium  concentration  calcuRitions. 
By  assuming  kg.  = 30,  we  have  expressed  the  Si  concentration  as  a minimum  donor  concentra- 
tion in  the  epitaxial  InP,  rather  than  as  a fraction  of  the  growth  solution.  The  calculations  have 

42  ’ 

been  made  using  free  energy  values  from  the  JANAF  Tables,  as  well  as  the  thermodynamjic 
data  from  Refs.  43  and  44. 

In  our  experimental  work,  we  have  assembled  an  LPE  growth  system  with  high  vacuuni  in- 
tegrity and  have  reduced  H2O  vapor  levels  in  it  by  vacuum-baking.  A procedure  followed  i:i 
several  early  rims  was  to  give  the  In  an  extended  (>12  hr)  bake  at  ~930®C  imder  Pd-diffus(;d 


ond 


tem- 


H2«  Epitaxial  layers  grown  after  this  treatment  have  very  high  donor  concentrations  up  to 


the 
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Fig.  1-8.  Results  of  calculation  of  Si 
concentration  in  In  solution,  in  equilib- 
rium with  SiO^,  as  a function  of  tem- 
perature and  H^O  vapor  pressure.  Lines 

of  constant  Si  concentration  are  labeled 
by  donor  carrier  concentration  in  InP 
grown  from  In-rich  solution,  assuming 


19  -3 

mid-10  cm  range.  Mass  spectrographic  analyses  of  the  In  showed  that  this  baking  treat- 
ment increased  the  Si  content  of  the  In  from  ~10  to  above  100  ppm.  The  rate  of  Si  contamina- 
tion observed  is  predicted  by  the  thermodynamic  calculations  if  the  partial  pressure  of  H^O  in 

-8  ^ 
our  system  is  lO"  atm,  a number  that  is  corroborated  by  the  temperature  at  which  the  In20^ 

on  the  In  charge  is  reduced,  as  observed  with  a "transparent”  furnace. 

Our  next  efforts  at  In  baking  went  to  the  opposite  extreme  by  utilizing  a source  of  H^O- 

-2  ^ 

saturated  H2  mixed  with  the  Pd-diffused  H2,  giving  a H2O  partial  pressure  of  10  atm.  The 

Si  level  in  the  In  baked  in  this  atmosphere  was  not  accurately  determined,  but  it  stayed  under 

the  10-ppm  level,  and  there  were  indications  in  the  mass  spectrographic  analysis  that  the  Si 

was  concentrated  at  the  surface,  as  expected  if  converted  to  SiO.,.  Net  carrier-concentration 

^ 17  -3 

levels  in  epitaxial  layers  grown  from  this  In  were  reduced,  but  only  to  the  1 X 10  cm  level. 

A bake  under  dry  H2  for  6 hr  at  600  °C  reduced  the  net  carrier  concentration  to  the  mid-10 
level.  Our  interpretation  of  the  results  with  the  wet  H2  baking  is  that  the  Si  contamination 
problem  has  been  replaced  by  an  O2  contamination  problem.  Solomon  observed  that,  for  growth 
of  GaAs  from  Ga-rich  solution,  H^O  or  Ga.,0^  added  to  the  growth  atmosphere  or  solution  in- 

45  ^ ^ ^ 

troduced  donor  impurities.  Our  results  are  understandable  if  O2  behaves  in  a similar  way  for 
InP  grown  from  In-rich  solution. 

An  apparatus  for  In  baking  is  presently  being  assembled  that  will  allow  the  ratio  of  H2O  to 
H2  pressures  to  be  set  at  any  level  between  the  very  wet  and  very  dry  extremes  used  heretofore. 
With  this,  we  will  be  able  to  compare  measured  donor  concentrations  with  those  predicted  in 
Fig.  1-8,  and  we  expect  that  this  apparatus  will  lead  to  considerably  higher  levels  of  purity  than 
we  have  been  able  to  obtain  to  date.  g ^ Groves 

M.  C.  Plonko 
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II.  QUANTUM  ELECTRONICS 


A.  FLASHLAMP-EXCITED  NdP^O^^  LASER 

Laser  materials  such  as  NdP^O^^  (NPP)  have  relatively  little  nonradiative  quenching  of  the 
fluorescence  at  high  Nd  concentrations,  and  allow  the  possibility  of  very  efficient  pump  abfiorp- 
tion  in  small  volumes.  We  have  succeeded  in  obtaining  operation  of  a high-Nd-concentrati^n 
NPP  laser  excited  by  a conventional  broad-band  incoherent  source,  a miniature  Xe  flashla  up 

Previous  laser  experiments  with  similar  materials  have  used  either  Ar  (Ref.  1),  Kr  (Ref.  2},  or 

3 4 5 1 

dye  lasers,  or  semiconductor  injection  devices  (laser  diodes  or  light- emitting  diodes  ) as  ex- 

jn  the 


citation  sources.  Particularly  in  the  latter  case,  the  small  amount  of  power  available  fro 

pump  has  meant  that  small  laser  mode  volumes  were  required  to  achieve  threshold,  and  c^ol- 

PrO 
*X 

which  have  been  grown,  a laser  has  been  constructed  with  greatly  increased  mode  size  ap 
ing  that  of  the  lamp  discharge.  Because  of  the  large  pump  absorption  across  the  small  tr 


1-ix  5^14 
oroach- 


ns- 

nt. 


from 


verse  laser  rod  dimension,  such  lasers  can  be  made  smaller,  and  potentially  more  efficiejr 
than  similarly  excited  miniature  Nd:YAG  lasers.^ 

7-12 

Single  crystals  of  Nd^La^_^P^O^^  were  grown  by  a previously  described  technique 
hot  phosphoric  acids  in  which  the  rare-earth  oxides  had  been  dissolved.  Growth  was  performed 
under  isothermal  conditions  in  a vitreous  carbon  crucible  inside  a semi-sealed  furnace  chamber 
at  temperatures  between  500®  and  675®C.  We  were  able  to  grow  optically  clear  crystals  up  to 
30  mm  in  cross  section  with  fluorescent  lifetimes  equal  or  better  than  those  reported  in  tie 

9 

literature/  after  optimizing  the  heatup  procedure,  growth  temperature,  and  growth  rate.  De- 

1 3 

tails  on  the  crystal-growth  technique  will  be  reported  elsewhere. 

Laser  rods  fabricated  from  these  crystals  were  7 mm  in  length  with  polished  end  "c"l  faces 
2 

which  were  1.2  mm  in  cross  section.  Because  of  crystal  cleavage  problems,  only  the  "a”  and 

. o 

”b"  side  faces  of  the  laser  rods  were  ground.  Flatness  of  the  end  faces  is  \/10  at  5876  A with 
a parallelism  of  better  than  20  sec.  The  first  available  rods  to  be  processed  in  this  manner 
which  were  used  in  the  present  experiments  were  undiluted  NdP^O^^.  Several  ferroelastic 
domains,^"^  with  walls  normal  to  the  c-axis,  could  be  observed  through  crossed  polarizersi.  The 
fluorescent  lifetime  of  the  Nd  ^3/2  135  psec,  measured  using  0.2-psec-long 

pulsed  excitation  at  a wavelength  of  0.8  |om. 

The  uncoated  laser  rod  was  mounted  in  the  center  of  a 10.8-cm-long,  nearly  confocal  optical 
cavity  with  10-cm-radius  mirrors,  giving  a calculated  mode  radius  of  129  pm  in  the  crystal  and 
188  pm  at  the  mirrors.  One  mirror  had  high  reflectivity  at  the  laser  wavelength  of  1.05  pm, 

and  three  different  output  mirrors  were  used  having  transmissions  of  0.15,  0.8,  and  2.5  pjercent. 

[ 

The  laser  rod  was  cemented  to  an  aluminum  tab  with  acetate  cement  (for  ease  in  latei*  de- 
mounting), and  the  tab  and  rod  were  inserted  in  a side  slot  of  a 13-mm-long  cylindrical  reflector. 
This  reflector  was  simply  a small  aluminum  block  with  a slotted  hole  drilled  through  it,  into 
which  was  inserted  a 6.5-mm-inner-diameter  slotted  thin-wall  quartz  tube,  which  had  a re- 
flective layer  of  aluminum  evaporated  on  its  inner  surface.  A linear  Xe-filled  flashlamp  was 
inserted  in  the  reflector  assembly  parallel  to  the  laser  rod  and  about  1 mm  from  it.  This;  lamp 
had  a quartz  envelope  with  1-mm-dia.  bore  and  10-mm-long  discharge  length.  The  separated 

components  of  the  laser  head  are  shown  in  Fig.  II-l.  The  lamp  was  driven  in  a simple,  sfngle- 

1 5 ' 

mesh  discharge  circuit  with  a total  of  10-pF  capacitance  and  about  75-pH  series  inductance 
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Fig.lI-1.  Disassembled  components 
of  NdP^O^^  laser  head  showing  cy- 
lindrical pump  collector  assembly 
(top  right),  mounted  laser  rod  (left), 
and  flashlamp  and  holder  (bottom). 


Fig.  II-2.  Laser  output  energy  of  NdP^O^^ 

laser  as  a function  of  stored  electrical  en- 
ergy input  to  flashlamp,  with  output  mirror 
transmissions  of  0.15,  0.8,  and  2.5  percent. 
Repetition  rate  is  2.1  Hz,  and  output  is  pre- 
dominantly TEM 

oo 


NPP 

TABLE  ll-l 

LASER  THRESHOLDS  FOR  DYE  LASER 
AND  LAMP  EXCITATION 

Output  Mirror 
Transmission 
(percent) 

Quasi-CW  Threshold 
Power 

Pulsed  Threshold 
Energy 

(mW) 

(normalized) 

(mJ) 

(normalized) 

0.15 

112 

0.8 

95 

0.9 

0.8 

140 

1.0 

105 

1.0 

2.5 

241 

1.7 

181 

1.7 

18 


(including  that  of  the  series  trigger  transformer).  This  lamp  should  have  a lifetime  exceeding 
10^  shots  at  1-J  energy  input  with  our  present  pulse  duration,  100  psec.  With  this  laser  c|on- 
figuration  it  was  also  possible  to  use  collinear  excitation  by  a chopped  CW  dye-laser  beam;  tuned 
to  the  0.58-pm  Nd^^  absorption  band.  This  system  is  described  more  fully  in  Ref.  3 (Chinji  et  al.). 
and  was  used  in  the  NPP  laser  alignment  and  to  measure  CW  thresholds.  i 

The  output  from  the  NPP  laser  was  measured  by  a calibrated  Si  photodiode,  whose  current 
was  integrated  by  a capacitor  in  measuring  output  energies.  At  higher  output  levels,  this  [detec- 
tion system  was  compared  with  a presumably  better  calibrated  thermopile  detector,  and  ap 
photodiode  data  were  corrected  to  correspond  to  the  thermopile  output.  \ 

Two  rods  of  the  type  described  above  were  tested  and  lased  with  very  similar  perfornjiance. 
The  data  reported  here  are  for  the  better  of  the  two.  The  results  with  a 2.1 -Hz  repetition  rate 
for  output  pulse  energy  vs  electrical  energy  stored  in  the  capacitors  are  shown  in  Fig.  II-2  for 
the  three  output  mirror  transmissions  indicated.  The  output  calibration  is  accurate  to  ab^ut 
±S  percent,  and  for  each  data  point  individual  output  pulses  fluctuated  approximately  ±10  pjercent 
about  the  average.  The  quasi-CW  thresholds  for  dye-laser  excitation  and  pulsed  energy  thresh- 
olds for  flashlamp  excitation  are  summarized  in  Table  II- 1.  The  thresholds  normalized  tjy  the 
0.8-percent  values  are  in  fairly  good  agreement  for  the  pulsed  and  CW  excitations.  Usin^  the 
ratios  of  the  slope  efficiencies  from  the  2.5-  and  0.8-percent  mirror  data,  we  estimate  arj  upper 
bound  on  the  loss  to  be  L = 1.5  percent.  This  value  is  only  in  qualitative  agreement  with  jhat 
estimated  using  the  0.15-percent  mirror  slope  efficiency  or  from  comparing  the  measured  and 
calculated  CW  thresholds  using  the  cross-section  data  of  Ref.  16.  However,  the  theoreticjal 
threshold  calculation  is  not  extremely  precise,  and  there  may  also  have  been  experimentrl  un- 
certainty in  obtaining  the  same  degree  of  laser  alignment  and  internal  loss  with  the  interchange 
of  output  mirrors.  Because  of  the  poor  thermal  mounting,  rod  heating  was  significantly  if  educed 
with  a 1.0-Hz  pulse  rate,  and  using  the  2.5-percent  mirror,  1.5-mJ  output  was  obtained  at 
0.97-J  input.  Observation  of  the  far-field  transverse  mode  distribution  of  the  laser  outpvjt  with 
an  infrared-sensitive  television  system  showed  that  even  without  any  mode -controlling  aplertures 
the  mode  was  rather  symmetric  and  predominantly  TEM^^. 

When  a more  closely  coupled  pump  collector  was  used,  with  a 5-mm  inner  diameter,  and 
the  output  energy  was  optimized  with  a multimode  transverse  distribution,  significantly  njiore 
energy  was  obtained,  as  shown  in  Fig.II-3.  The  output  time  behavior  is  shown  in  Fig.  II-4,  with 
the  spiking  and  fluctuation  commonly  found  in  solid-state  lasers  with  long  fluorescence  li'etimes. 

o 

A spectrum  of  the  laser  output  showed  emission  over  a 7-A  bandwidth,  with  partially  separated 

o 

modes  0.49  A apart,  characteristic  of  the  rod  etalon  longitudinal  mode  separation. 

In  the  present  rod  geometry,  the  ferroelastic  c-plane  domain  walls,  associated  with  the  two 

monoclinic  orientations  of  the  a-axis  differing  by  ±0.5®,  do  not  affect  the  laser  performance. 

17 

The  laser  radiation  is  polarized  along  the  b-axis  by  the  intrinsic  gain  anisotropy,  and  njL*ither 

1 

the  polarization  nor  propagation  direction  in  the  b-plane  is  changed  by  the  a-axis  shifts.  ‘Using 
a polarizing  prism,  we  verified  that  the  output  was  completely  polarized  along  the  b-axiS| 
(>1500:1).  In  other  experiments,  we  have  not  observed  any  visible  scattering  of  dye-lasjer 
pump  radiation  by  domain  walls,  implying  that  the  NPP  laser  radiation  is  also  unaffect ed|. 

I 

It  is  clear  that  major  improvements  on  performance  can  be  obtained  by  straightforward 
means.  First,  the  coupling  of  the  excitation  into  the  laser  mode  could  probably  be  imprc^ved 
by  using  a more  efficient  pump  collector  and  improving  the  laser  side  surfaces  and  mounjting. 
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(mJ) 


Fig.  II-3.  Laser  output  energy  of  NdP^O^^ 

laser  as  a function  of  stored  energy  input  to 
flashlamp,  with  2.5-percent  mirror  trans- 
mission and  multi-transverse-mode  output. 
A more  closely  coupled  pump  collector  is 
used,  and  repetition  rate  is  1 Hz. 


Fig.  II-4.  Time  dependence  of  NdP^O^^ 

laser  output  and  flashlamp  radiation  at 
energy  output  of  4.45  mJ  and  energy  in- 
put of  0.97  J. 
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Second,  rough  calculations  show  that  with  impulse  excitation  an  optimum  compound  of  com^si- 
tion  Nd^  3!-^^  should  have  30-percent  lower  threshold  than  NdP^O^^.  Since  our  pjimp 

pulse  is  relatively  long,  this  factor  should  increase  somewhat  more  because  the  lower  conjcentra- 
tion  material  will  have  a longer  fluorescent  lifetime  with  less  inversion  loss  before  lasing  [begins. 
Finally,  larger  output -mirror  transmission  should  give  greater  output  energies,  although  with 
the  present  uncertainty  in  the  internal  loss,  the  optimum  coupling  and  output  energy  cannoi  be 
accurately  estimated  now.  g ^ Chinn 

W.  K.  Zwicker^ 


B.  EFFICIENT  SECOND-HARMONIC  GENERATION  IN  AgGaSe^ 

The  chalcopyrites  CdGeAs^  and  AgGaSe^  are  efficient  nonlinear  materials  for  frequency- 
doubling of  CO^  laser  radiation.  The  maximum  external  energy  conversion  efficiencies  w?  have 
obtained  using  a conventional  CO^  TEA  laser  with  a 70-nsec  pulse  length  are  27  percent  for  an 

antireflection-coated  CdGeAs,  crystal  12  mm  long,  and  7 percent  for  an  uncoated  AgGaSe , 
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crystal  16  mm  long.  In  the  latter  experiment,  the  internal  conversion  efficiency  corresponded 
to  11  percent.  CdGeAs^  has  a nonlinear  figure  of  merit  30  times  that  of  AgGaSe^.  At  higi  con- 
version efficiencies,  however,  the  difference  in  energy  conversion  is  smaller  because  nor  linear 
saturation  effects  limit  the  conversion  in  CdGeAs2-  In  contrast,  no  such  effects  have  been  ob- 
served in  AgGaSe^,  and  here  the  laser-induced  breakdown  threshold  limits  the  conversion  ef- 
ficiency. For  pulse  lengths  around  70  nsec,  the  breakdown  threshold  is  determined  by  the  energy 
density.  Therefore,  the  second -harmonic  conversion  efficiency  in  AgGaSe^  should  improve  for 
shorter  laser  pulses,  which  allows  higher  power  densities  before  breakdown. 

In  an  experiment  with  the  16 -mm  AgGaSe^  crystal  and  a CO^  laser  source  consisting  pf  an 

19  ^ ^20  L 

oscillator-amplifier  system  that  uses  optical  free  induction  decay  to  generate  0.5-nsefc 

TEM^^  mode  laser  pulses,  we  have  obtained  an  external  energy  conversion  efficiency  of  21  per- 
cent, corresponding  to  an  internal  conversion  efficiency  of  33  percent.  This  is  presently  |the 
highest  conversion  efficiency  that  has  been  observed  for  frequency-doubling  of  CO2  laser 
radiation. 

E.  Yablonovitch^ 

G.  W.  Iseler 

C.  DETECTION  OF  DOUBLED  CO2  RADIATION  SCATTERED 
FROM  A REMOTE  TARGET 

Doubled  CO2  laser  lines  have  coincidences  with  absorption  lines  of  CO  and  NO,  and  they 
also  lie  within  the  absorption  region  of  other  molecular  species  of  interest.  Therefore,  t ie 
ability  to  achieve  significant  power  and  energy  levels  at  doubled  CO^  frequencies  makes  the 
use  of  such  frequencies  attractive  as  a line-tunable  laser  source  in  a monostatic  differential 


absorption  system  for  remote  monitoring  of  molecular  constituents  in  the  atmosphere. 


We 


have  established  that  CdGeAs^  crystals  grown  at  Lincoln  Laboratory  are  capable  of  frequency- 
doubling  the  output  of  a CO^  laser  with  power -conversion  efficiencies  in  excess  of  20  percent 
at  high-power  levels  without  damaging  the  crystal.^  ” Average-power  levels  of  2 W and  en- 
ergy pulses  of  200  mJ  at  the  doubled  frequency  have  been  obtained  in  separate  experiment^. 


t Philips  Laboratories,  Briarcliff  Manor,  NY. 
t Harvard  University,  Cambridge,  MA. 
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Furthermore,  the  CdGeAs^  crystals  will  be  equally  effective  in  a sum-  or  difference-frequency 
mixing  mode,  which  increases  the  available  frequency  coverage  and  the  number  of  constituents 
which  can  be  detected. 

An  initial  experiment  was  carried  out  in  which  the  frequency-doubled  output  of  a CO^  laser 
emanating  from  a CdGeAs^  crystal  was  collimated  using  a telescope  and  aimed  at  the  side  of  a 
building  located  approximately  23  m from  the  telescope.  The  building  served  as  a topographic 
reflector,  the  return  from  which  was  focused  on  an  InSb  detector.  The  topographically  reflected 
signal,  along  with  the  original  doubled  output,  is  shown  in  Fig.  II- 5.  The  original  beam  trace, 
which  served  to  trigger  the  oscilloscope,  was  obtained  by  using  a beam  splitter  to  send  a frac- 
tion of  the  doubled  output  to  an  Au:Ge  detector. 


Fig.II-5.  Upper  trace:  second- 
harmonic  signal  (Au:Ge  detector). 
Lower  trace:  second-harmonic 

signal  after  reflection  from  topo- 
graphic target  23  m distant  (InSb 
detector). 


The  pulsed  outputs  shown  in  Fig.  11-5  were  obtained  using  the  passively  Q-switched  folded 
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CO^  laser  previously  described  to  pump  the  CdGeAs^  crystal.  The  pulse  repetition  rate  was 
10  kHz,  with  an  average  power  output  at  the  doubled  frequency  of  0.5  W;  after  passage  through 
the  beam  splitter  this  corresponds  to  50  jxj/pulse.  The  noise  level  of  the  reflected  signal  is 
determined  by  the  dark  current  of  the  InSb  detector. 

The  passively  Q-switched  CO^  laser  used  in  the  above  experiment  will  be  inappropriate  as 
a primary  source  in  a portable  LIDAR  system  for  several  reasons  which  include:  (1)  passive 
Q-switching  is  restricted  to  frequencies  characteristic  of  the  absorber  gas;  (2)  the  high  repeti- 
tion rates  generally  characteristic  of  passively  Q-switched  lasers,  with  the  concomitant  re- 
duction in  energy  per  pulse,  are  distinctly  disadvantageous  in  a direct-detection  system  which 

is  dark-current -limited  since,  for  such  systems  in  pulsed  operation  with  constant  average 
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power,  a higher  signal -to-noise  ratio  is  obtained  with  increasing  peak  power;  and  (3)  the  laser 
is  water-cooled  and  extremely  bulky.  In  view  of  these  limitations,  we  are  now  engaged  in  de- 
signing a grating-controlled  version  of  a mini-TEA  laser. 

N.  Menyuk 
P.  F.  Moulton 
G.  W.  Iseler 


D.  GRATING-TUNING  OF  THE  O^^CS  AND  C2H2  LASERS 

We  have  previously  demonstrated  laser  action  in  a number  of  molecules  using  an  optical 
pumping  technique  where  vibrational  modes  of  molecules  are  selectively  excited  by  resonant 
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vibrational  energy  transfer  from  CO  gas  excited  by  frequency  doubled  CO^  laser  radiation.  * 
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By  inserting  a grating  into  the  laser  cavity,  these  optically  pumped  lasers  can  be  operated  on 

13 

specific  vibration-rotation  transitions.  Here  we  report  grating-tuning  of  the  O CS  and 

lasers  which  operate  in  a wavelength  region  that  is  important  for  some  of  the  proposed  lafeer 

27 

schemes  for  isotopic  enrichment  of  uranium. 

13 

We  have  measured  the  frequencies  of  a total  of  53  O CS  laser  lines  between  8.56  and 

8.78  |JLm  using  a 1-m  Jarrell- Ash  spectrometer.  The  accuracy  of  the  frequency  measurements 

-1 

is  approximately  ±0.05  cm  . In  order  to  identify  the  observed  laser  lines,  it  was  necessary 

10^0  transition.  We  measured  the  ban4  center 


to  determine  the  band  center  of  the  O^^CS  00^  1 


of  the  10^0  00^0  transition  using  a 1-m  spectrometer  equipped  with  a Nernst  glower  and  a 

13  • 

lO-cm  absorption  cell  filled  with  50  Torr  of  O CS.  The  measured  band  center  at  8 54.49 1cm" ^ 

-1  28 

agrees  well  with  the  reported  value  of  854.45  cm  by  Fayt  and  Vandenhaute,  but  it  disagrees 


-1 


_ ^ 29 

with  the  values  of  852.6  and  853.9  cm  given  by  Callomon  and  Thompson  and  by  Dormah  and 


Lin,^^  respectively.  The  band  center  of  the  00^1 


00^0  transition  at  2009.249  cm”^  has  been 


measured  by  Maki  et  al.^^  Combining  this  result  with  our  measurement  for  the  10^0  modq  gives 


a band  center  for  the  00^1 


0 -1 
10  0 laser  transition  of  1154.76  cm  . 


With  this  value,  the  J as- 


signments for  the  measured  laser  lines  can  be  made  unambiguously. 

13 

The  O CS  laser  frequencies  can  be  calculated  using  the  expression 

»^(J)  = ^^001  ®100^  ^ f^^OOl  ” ®100^  “ ^^001  “ ^100^1  ^ 


^^^001  ^100^  ^ ^^001  ^100^  ^ 


|(II-1) 


where  m = J + 1 (J  > 0)  for  an  R-branch  transition,  and  m = — J (J  ^ 1)  for  a P-branch  trai|sition. 
The  rotational  constants  are  = 0.2010604  cm"^  and  B^^^  = 0.2016040  cm  ^ (Ref.  28),  'and 

Dooi  = 4.33  X lO”®  cm"^  and  = 4.68  X lo"®  cm"^  (Ref.  32).  We  determine  the  band  c«mter 

Pq  in  Eq.  (II- 1)  by  fitting  the  expression  to  the  measured  laser  frequencies.  This  gives  = 
1154.71  cm  \ which  agrees  well  with  our  preliminary  measurement  of  1154.76  cm"^.  Va  rying 
Bioo  + ®001  addition  to  does  not  improve  significantly  the  fit  between  the  measured  and 
calculated  frequencies  which  are  listed  in  Table  II-2. 

When  the  laser  was  operated  without  a grating,  four  lines  belonging  to  the  Q-br^nch 

of  the  01000  -►  00001^  transition  were  observed  near  8.04  |jm  (Ref.  22).  With  grating  operation 
we  observed  six  Q-branch  transitions  [ Q (7),  Q(9),  Q(H),  Q(13),  Q(15),  and  Q(17)]  betwedn 
8.03  and  8.05  pm,  and  four  P-branch  transitions  (P(8),  P(10),  P(12),  and  P(14))  betweerj 
8.16  and  8.26  jjun.  No  laser  action  was  observed  on  the  R-branch,  probably  because  of  abj;orp- 
tion  in  between  7 and  8 |jLm  associated  with  the  combination  band.  The  measured 

laser  frequencies  agree  well  with  the  reported  hot -band  absorption  measurements  for  the 


C2H2  01000  00001^  transition?^ 


H.  Kildal 


E.  SECOND  VIBRATIONAL  OVERTONE  ABSORPTION  SPECTRUM 
OF  THE  MODE  OF  SF^ 


IS 


ested 


The  recent  success  in  isotope-selective  photodissociation  of  the  SF,  molecule  when  it 

34  35  ° 

subjected  to  intense  CO^  laser  radiation  * has  generated  considerable  interest  in  the  spec- 
troscopic properties  of  the  SF,  molecule.^^""^^  Several  theoretical  models  have  been  sugge 

o 3946 

to  describe  the  photodissociation  process,’  ^ in  order  to  test  these  models  accurate  speijtro- 
scopic  constants  are  necessary.  They  are  also  useful  for  understanding  the  recently  measured 
spectral  dependence  of  the  third-order  susceptibility  tensor  for  SF^  (Refs.  47  and  48). 
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TABLE  11-2 

o’^CS  00°1  - 10°0  LASER  LINES 
(in  vacuum  wavenumber) 

J 

R(J) 

p(j) 

Measured 

Calculated 

Difference 

Measured 

Calculated 

Difference 

11 

1159.48 

1159.46 

0.02 

1150.28 

1150.22 

0.06 

12 

1159.85 

1159.85 

0.00 

1149.83 

1149.80 

0.03 

13 

1160.23 

1160.24 

-0.01 

1149.31 

1149.38 

-0.07 

14 

1160.64 

1160.63 

0.01 

1148.96 

1148.97 

-0.01 

15 

1161.03 

1161.01 

0.02 

1148.55 

1148.55 

0.00 

16 

1161 .43 

1161.40 

0.03 

1148.20 

1148.13 

0.07 

17 

1161 .78 

1161.78 

0.00 

1147.72 

1147.71 

0.01 

18 

1162.10 

1162.16 

-0.06 

1147.29 

1147.29 

0.00 

19 

1162.56 

1162.55 

0.01 

1146.86 

1146.87 

-0.01 

20 

1162.94 

1162.93 

0.01 

1146.45 

1146.44 

0.01 

21 

1163.25 

1163.30 

-0.05 

1146.04 

1146.02 

0.02 

22 

1163.67 

1163.68 

-0.01 

1145.53 

1145.59 

-0.06 

23 

1164.03 

1164.06 

-0.03 

1145.17 

1145.16 

0.01 

24 

1164.49 

1164.44 

0.05 

1144.75 

1144.74 

0.01 

25 

1164.89 

1164.81 

0.08 

1144.31 

1144.31 

0.00 

26 

1165.18 

1165.18 

0.00 

1143.87 

1143.88 

-0.01 

27 

1165.60 

1165.56 

0.04 

1143.50 

1143.45 

0.05 

28 

1165.93 

1165.93 

0.00 

1142.91 

1143.02 

-0.11 

29 

1166.30 

1166.30 

0.00 

1142.53 

1142.58 

-0.05 

30 

1166.69 

1166.67 

0.02 

1142.23 

1142.15 

0.08 

31 

1167.01 

1167.04 

-0.03 

1141.76 

1141.71 

0.05 

32 

1167.38 

1167.40 

-0.02 

1141.31 

1141.28 

0.03 

33 

1167.75 

1167.77 

-0.02 

1140.86 

1140.84 

0.02 

34 

1168.09 

1168.14 

-0.05 

1140.42 

1140.40 

0.02 

35 

1168.46 

1168.50 

-0.04 

1139.94 

1139.96 

-0.02 

36 

1139.52 

1139.52 

0.00 

37 

1139.04 

1139.08 

-0.04 

38 

1138.58 

1138.64 

-0.06 
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Fig.  II-6.  Absorption  spectrum  near  3.5  |jm  of  200-Torr  SF,  in  a 110-cm 
cell  at  200  K.  ^ 


Here  we  report  measurements  of  the  second  vibrational  overtone  absorption  spectrurji  of 

the  mode  of  SF^  using  a 1-m  grating  spectrometer.  The  spectrum  is  shown  in  Fig.II-jS.  It 

was  recorded  with  the  grating  in  the  third  order  using  a gas  cell  cooled  by  a circulating  djry-ice 

and  methanol  mixture.  For  the  purpose  of  calibration,  the  fundamental  spectrum  was  also  re- 

-1  ^ 

corded.  The  measured  peak  position  of  the  Q-branch  at  947.92  cm  was  in  good  agreemc^nt  with 
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previously  published  results.  ' The  second  overtone  transition  has  a Q-branch  at  2830. |1  cm 

Varying  the  temperature  of  the  absorption  cell  showed  that  the  additional  structure  on  the  low- 

-1 

frequency  side  of  the  Q-branch  is  due  to  hot-band  transitions.  The  peak  at  2827.7  cm  i^  prob- 


ably the  Q-branch  associated  with  the  ^6  ^^^^sition.’ 


The  frequency  difference 
between  the  3v^  and  the  (3i^^  is  equal  to  (Ref.  51)  which  gives  = 

0.8  cm^^.  This  is  in  reasonable  agreement  with  X , = 1.0 cm“^  determined  from  the  absbrption 
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spectrum  near  the  fundamental  transition.  ' 

The  anharmonic  potential  with  octahedral  symmetry  in  SF^^  splits  the  degenerate  3»^^lvibra- 
tion  into  four  levels  with  symmetries  of  ^2u*  ^lu'  ^lu'  ^^spectively  (Refs.  39  ^d  40, 

see  also  Ref.  52).  The  positions  of  the  levels  depend  on  both  the  anharmonicity  a|id  the 

Hecht  vibrational  splitting  parameters  and  T^^  (Ref.  52).  From  group  theory,  it  follows 

that  transitions  from  the  ground  state  are  allowed  only  to  levels  with  F^^  symmetry,  so  tjiere 
can  be  at  most  two  second  vibrational  overtone  transitions  to  the  level.  Experimenta).ly, 
only  one  transition  is  observed.  This  implies  that  either  the  splitting  of  the  two  F^^  levels  is 
smaller  than  the  width  of  the  Q-branch,  or  that  the  dipole  moments  for  transitions  to  the  ^wo 
F^^  levels  are  very  different.  The  first  case  is  considered  unlikely  since  this  would  reqijiire 
both  Goo  and  T^o  less  than  a few  tenths  of  cm“^. 


^33 


^33 
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In  the  limit  when  the  two  levels  have  vibrational  angular  momenta  of 

i = 1 and  1=3,  respectively.  In  this  case,  only  a single  second  vibrational  overtone  transition 
is  allowed  because  of  the  selection  rule  Al  = 1 (Ref.  39).  In  the  more  general  case  where 
is  not  negligible  compared  with  the  two  states  have  mixed  wavefunctions  with  both  1=1 

and  i = 3 characters.  A more -detailed  calculation  is  necessary  to  see  if  one  of  the  dipole  mo- 
ments remains  small  compared  with  the  other.  If  we  assume  that  then  the  fre- 
quency of  the  second  overtone  transition  is  given  by  where  is  the  fre- 

quency of  the  fundamental  vibrational  transition.^ ^ Our  measurement  then  gives  = X^^  — 
2/3G,,  = -2.3  cm”^. 

53  54 

When  is  dissolved  in  liquid  oxygen  or  argon,  only  one  transition  is  observed. 
The  anharmonicity,  however,  differs  significantly  from  the  gas-phase  measurements.  Again 
assuming  G^^  » the  liquid  spectra  give  X^^  = —3.1  cm  (Ref.  54)  in  contrast  to  our  gas 

data.  The  latter  value  has  been  used  in  Ref.  38  in  discussing  gas-phase  spectra.  Recently, 

55  -1 

Nowak  and  Lyman,  neglecting  the  octahedral  splittings,  have  estimated  that  X^^  = —1.2  cm 

by  analyzing  the  band  contours  of  the  absorption  in  shock-heated  SF^.  This  disagrees  with 

our  direct  measurements. 

39 

The  energy  levels  with  F.  symmetry  are  calculated  by  Cantrell  and  Galbraith  to  lie 

^ -1  40  -1 

at  2820  and  2836  cm  , respectively,  while  Jensen  et  obtain  2820.3  and  2837.5  cm  for 

-1 

the  same  two  levels.  In  contrast,  the  measured  position  of  one  of  the  levels  is  at  2830.1  cm 
This  disagreement  indicates  that  the  basic  spectroscopic  parameters  for  SF^,  which  are  im- 
portant for  any  quantitative  calculation  of  the  photodissociation,  are  not  yet  firmly  established. 

H.  Kildal 


F.  VIBRATIONAL  ENERGY  RELAXATION  OF  CH  F 

DISSOLVED  IN  LIQUID  O2  AND  Ar 

56 

In  an  earlier  report  we  discussed  some  preliminary  measurements  of  the  vibrational 
relaxation  times  of  the  polyatomic  molecules  CH^F  and  SF^  in  liquid  Ar  and  O^  hosts.  Here 
we  report  more-accurate  measurements  of  CH^F  relaxation  times  measured  by  both  saturation 
and  double-resonance  techniques.  Using  the  double -resonance  technique,  an  induced  -*•  2p^ 
absorption  is  observed;  the  measured  anharmonicity  is  in  good  agreement  with  the  gas-phase 
literature  value. 

These  measurements  are  of  interest  because  they  will  materially  increase  our  knowledge 
and  understanding  of  collisional  vibration  transfer  processes  in  the  liquid  phase.  These  mea- 
surements may  also  aid  in  the  interpretation  of  gas -phase  results.  Due  to  the  low  translational 
temperature  in  cryogenic  liquids,  the  thermal  equilibrium  populations  of  excited  vibrational 
levels  are  reduced  to  negligible  values  for  all  but  the  lowest  frequency  modes,  and,  further, 
some  of  the  multiple  pathways  for  vibrational  relaxation  that  complicate  the  interpretation  of 
the  gas-phase  results  are  eliminated. 

57-59 

Significant  practical  implications  may  also  follow.  As  has  recently  been  pointed  out, 
the  infrared  spectroscopy  of  complex  polyatomics  can  be  considerably  simplified  in  these 
cryogenic  liquid  media.  These  simplifications  arise  from  the  elimination  of  "hot  bands"  at 
cryogenic  temperatures,  and  also  from  the  hindering  of  free  rotational  motion  in  the  liquid 
collisional  environment.  The  resulting  infrared  spectra  often  exhibit  far  narrower  features 
than  are  observed  in  the  gas  phase.  These  narrow,  homogeneously  broadened,  infrared  spec- 
tral features  suggest  applications^^  for  optically  pumped  infrared  lasers  and  for  infrared  laser 
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photochemistry  and  isotope  separation.  Such  applications  crucially  depend  upon  energy-transfer 
rates  in  these  media,  which  are  to  a large  extent  unmeasured  and  not  readily  predictable! from 
existing  theories.  | 

We  have  begun  a series  of  measurements  on  these  relaxation  processes  with  the  relatively 
simple  polyatomic  methyl  fluoride  (CH^F),  whose  spectroscopy  and  gas-phase  energy-transfer 
processes  are  well  understood,  and  have  examined  these  energy-transfer  processes  in  th|e  liquid 
phase  for  dilute  solutions  in  the  cryogenic  hosts  liquid  argon  and  liquid  oxygen.  We  havje  used 
measurements  of  the  saturation  of  the  infrared  absorption  to  obtain  vibration-translation  l(V-T) 
relaxation  times,  and  have  performed  infrared  double-resonance  experiments  which  giv^  a 
direct  measurement  of  the  V-T  time  and  of  the  molecular  anharmonicity.  These  experinients 
are  well-suited  to  the  liquid  phase  since  the  high-heat  capacity  and  thermal  conductivity  of  the 
liquid  medium  effectively  eliminate  the  heating  effects  which  complicate  the  interpretatioji  of 
these  measurement  techniques  in  the  gas  phase.  Both  of  these  techniques  measure  the  rejlaxa- 
tion  time  of  the  excited  vibrational  mode.  The  double-resonance  technique  is  more  accurate  since 
it  is  a direct  time-domain  measurement  which  does  not  suffer  from  the  uncertainties  due  to  the 
spatial  and  temporal  variations  of  the  pump  pulse  that  affect  the  saturation  measurement^. 
However,  the  saturation  measurements  are  much  simpler  and  are  applicable  over  a mucjh 
wider  range  of  decay  times.  One  of  the  purposes  of  this  study  was  to  investigate  the  accijracy 
of  the  saturation  measurements  in  a system  where  double-resonance  measurements  were-  also 
feasible.  The  results  indicate  that  the  saturation  technique  can  be  used  with  reasonabl^ 
confidence.  , 
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Methyl  fluoride  is  a symmetric  top  molecule  whose  lowest  energy  mode,  1^3  at  1040  c|m 

is  accessible  with  CO^  laser  radiation.  This  nondegenerate  mode  has  a linewidth  of  apprbxi- 
-1^-1 

mately  3.7  cm  in  liquid  and  4.4  cm  in  liquid  Ar.  This  linewidth  is  due  predominately 
to  the  hindered  rotational  motion  of  the  relatively  light  and  compact  CH^F  molecule  about!  axes 
perpendicular  to  the  C-F  molecular  axis.  This  linewidth  in  liquid  solution  should  be  compared 
with  an  overall  P-Q-R  branch  envelope  of  approximately  100  cm"^  in  the  gas  phase  at  robm 
temperature.  Line  widths  of  heavier  molecules,  where  rotation  is  more  effectively  impecjed 
by  the  liquid  environment,  are  often  considerably  narrower.  For  example,  the  linewidth  |of  the 
mode  of  SF^  in  liquid  is  0.3  cm  ^ (Ref.  59).  ! 

Solutions  of  CH^F  in  either  liquid  oxygen  or  liquid  argon  were  made  in  a stainless-stpel 
double  Dewar  with  BaF^  windows  and  a path  length  of  4.2  cm.  Liquid  nitrogen  and  liquid  prgon 
were  used  as  refrigerants.  A CO^  TEA  laser  served  as  the  pump  for  both  the  double-resonance 
and  the  saturation  measurements.  For  double-resonance  experiments,  the  TEA  laser  wsjs  op- 
erated with  a nitrogen  lean  mix  to  give  partially  mode-locked  pulses  having  a FWHA  of  ICjO  nsec 
as  measured  by  a photon  drag  detector.  For  measurements  of  transmission  vs  incident  f^ux, 
the  TEA  laser  was  operated  with  a nitrogen  rich  mix  and  with  a CW  gain  cell  to  give  a stxletched 
pulse  of  roughly  triangular  temporal  shape  having  a FWHA  of  2.9  jisec  and  no  rapid  temporal 
structure.  Output  energies  in  either  mode  of  operation  were  typically  40  mJ.  The  beamiwas 
collimated  to  a diameter  of  0.4  cm  at  the  half-power  points.  I 

Double-resonance  measurements  were  performed  using  a grating-tuned,  CW  CO^  prbbe 
laser  with  a typical  power  of  50  mW  on  a single  line.  The  probe  laser  beam  was  propagated 
through  the  sample  Dewar  collinearly  with  the  TEA  pump  laser.  This  beam  was  collimated 

I 

to  a slightly  smaller  beam  diameter  of  0,3  cm  to  insure  that  the  pumping  beam  could  be  con- 
sidered as  a plane  wave  in  the  data  analysis.  The  probe  laser  polarization  was  perpendicjular 
to  that  of  the  pump  laser;  two  germanium  polarizers  were  used  to  attenuate  by  about  40  d!B  the 
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transmitted  pump  laser  beam.  The  probe  laser  beam  was  then  passed  through  a 3/4-m  Spex 
double -grating  monochromator,  which  eliminated  any  remaining  pump  signal,  and  then  focused 
on  a Cu:Ge  liquid-helium -cooled  detector.  For  measurements  of  the  decay  of  the  transient 
double-resonance  signal,  the  detector  was  operated  with  a 50-ohm  load,  which  allowed  the  mode- 
locked  spikes  of  the  pump  laser  (risetime  less  than  10  nsec)  to  be  resolved;  this  response  was 
more  than  adequate  to  resolve  the  decay  of  the  double-resonance  signal,  which  occurred  with  a 
lifetime  of  about  500  nsec.  For  decay-time  measurements,  the  signal  from  the  detector  was 
amplified  and  fed  into  a Nicolet  Lab  80  signal  averager -minicomputer  system.  Typically,  the 
signals  from  100  shots  were  collected,  averaged,  and  fit  to  an  exponential  decay. 

Measurements  of  the  spectral  dependence  of  the  double -resonance  signal  were  performed 
with  another  CurGe  detector  system  having  a 500-nsec  response  time  but  a higher  responsivity, 
which  allowed  the  double-resonance  signal  to  be  read  directly  from  oscilloscope  displays.  The 
relative  change  in  transmission  was  obtained  by  normalizing  the  transient  signal  to  the  chopped 
CW  signal  from  the  probe  laser.  The  transmission  of  each  sample  fill  was  measured  on  a 
Beckman  4250  IR  spectrophotometer  and  used  to  correct  the  measured  chopped  probe  laser 
signal  for  sample  absorption. 

Measurements  of  transmission  vs  incident  energy  fluence  were  made  using  two  cross- 
calibrated  Gen-Tec  ED-200  energy  meters.  In  order  to  minimize  pulse-shape  variations,  the 
laser  energy  was  varied  using  CaF^  attenuators,  with  the  TEA  laser  voltage  remaining  fixed. 

Figure  II-7(a)  shows  the  linear  absorption  spectrum  of  the  mode  of  CH-F  in  liquid 

-1  3 3 

oxygen.  The  line  center  at  1037.5  ± 0,2  cm  is  red-shifted  from  the  gas-phase  value  of  = 

-1  ^ 
1048.60  ± 2 cm  due  to  interactions  within  the  liquid  environment.  Figure  II-7(b)  shows  the 


Fig.II-7.  (a)  Linear  and  (b)  double-resonance 
absorption  spectra  of  CH^F  in  liquid  O^.  For 

double-resonance  spectrum,  pump  laser  en- 
ergy was  5 mJ  and  CH^F  concentration  was 

17  -3  ^ 

3 X 10  ^ cm  . 
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double-resonance  spectrum  for  a CH^F  density  of  3.5  X 10^^  cm"^  in  liquid  oxygen  pumped  with 


the  P(30)  CO^  laser  line  at  1037.4  cm 

V 


-1 


-1 


is  due  to 


The  induced  absorption  peak  at  1021.2  cm 

transitions;  the  red  shift  from  the  fundamental  absorption,  16.3  ± 1 cm"^,  is  in  good 

^ ^ 61-1 
agreement  with  the  gas-phase  red  shift  of  15.84  cm  . The  double-resonance  techniqu^'e  thus 

provides  a direct  measure  of  molecular  anharmonicity.  In  the  region  near  the  absorptioji  peak, 

an  induced  transmission  signal  is  observed  because  of  depletion  of  the  ground-state  population. 

In  order  to  interpret  the  observed  double-resonance  and  saturation  measurements,  i dy- 
namic model  of  the  CH^F  vibrational-level  population  evolution  is  necessary.  For  simplicity, 
we  restrict  ourselves  to  a two-level  model  for  evaluating  the  dynamics  of  the  mode  ofCH^F. 
That  is,  we  assume  that  the  pump  laser  affects  only  the  v = 0 and  v = 1 levels  of  the  v ^ mode, 
and  that  multiphoton  absorption  and  V-V  equilibration  processes  in  CH^F-CH^F  collisions  may 
be  neglected.  This  last  process  is  known  to  be  quite  rapid  in  the  gasphase^^  {'^1  gas  kin(|tic 
collisions)  and  is  probably  responsible  for  some  deviations  from  simple  exponential  behijivior 
that  are  observed  in  the  induced  absorption  signals  at  the  highest  concentration  levels  th|it  have 
been  investigated.  This  is  particularly  true  in  the  liquid  Ar  solutions  where  the  relaxation 
times  are  longer  than  in  liquid  O^.  However,  at  sufficiently  low  concentrations,  the  observed 
signals  were  single  exponentials  over  at  least  one-and-a-half  decades;  the  rate  equations  which 
describe  the  v = 0 and  v = 1 populations  (n^,n^)  are  then  simply. 


dt 


dn^ 

“dT 


T no)  0 


(II-2) 


and  for  the  pump  intensity. 


dz 


-y{n^  - n^)  I(z) 


(II-3) 


where  n^  + n^  = N (the  total  CH^F  density),  y is  the  absorption  cross  section  at  the  lasefr  fre- 
quency cj/27t,  I is  the  laser  intensity,  and  1/t  is  the  vibrational  decay  rate.  In  these  ec^uations, 
nQ,  n^,  and  I are  all  dependent  on  the  propagation  distance  in  the  medium  z,  as  well  a^  time, 
since  the  medium  is  optically  thick  at  the  higher  densities  used  for  the  saturation  measurements. 

The  double-resonance  experiments  measure  the  relaxation  of  the  CH^F  molecules  back  to 
the  ground  state  after  the  laser  pulse  has  been  switched  off  (I  = 0),  and  the  solutions  to  pq.(II-2) 
are  just  simple  exponential  decays.  The  observed  double-resonance  signals  in  both  thei  induced 
absorption  and  induced  transmission  regions  at  low  CH^F  concentrations  are  well-fittea  by  single 
exponential  decays.  The  induced  absorption  signal  at  1021.1  cm’^  showed  a decay  time!  t of 440  ± 
70  nsec,  while  the  induced  transmission  signal  at  1035.5  cm  ^ gave  r = 375  ± 35  nsec.  |Each 
time  represents  the  average  of  several  runs  taken  at  different  pump  levels.  Detailed,  ^ine-by- 
line  measurements  of  decay  time  vs  frequency  indicate  that  there  may  be  some  systematic  de- 
crease in  T as  the  probe  frequency  is  increased.  Within  the  relatively  large  error  baijs,  we 
were  not  able  to  find  any  systematic  dependence  of  r on  either  CH^F  concentrations  or*  pump 
intensity.  Measurements  using  a liquid  argon  host  yielded  r - 1.30  ± 0.15  psec  for  the  J.nduced 
transmission  signal  at  1033.5  cm"^.  The  relaxation  time  in  liquid  argon  is  more  than  jhree 
times  as  long  as  in  liquid  oxygen. 

Figure  II-8  shows  the  results  of  saturation  measurement  on  CH^F  in  a liquid  oxygen  host, 
with  similar  data  for  an  argon  host.  The  observed  dependences  are  both  straight  linesjwhen 
plotted  in  the  form  {in  T/T^)/{i  — T)  vs  input  energy,  where  {=  exp[— yN£]}  is  the  sniall 
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Fig.  II-8.  Saturation  of  infrared  absorption  for  dilute  solutions  of  CH^F 
in  liquid  and  liquid  Ar.  Slopes  of  these  curves  are  proportional  to 
mode  lifetimes  giving  r = 230  ±100  nsec  in  liquid  and  t = 450  ± 
200  nsec  in  liquid  Ar. 


signal  transmission  of  the  liquid.  This  form  for  displaying  the  data  was  chosen  since  the  solu- 


Here is  the  pulse  energy,  A is  the  pulse  area,  and  only  the  lowest-order  correction  to  the 
steady-state  response  due  to  a finite  pulse  width  has  been  retained.  Since  our  pulse  widths  are 
5.8  psec  (total  pulse  duration)  compared  with  relaxation  times  of  ~400  nsec  for  CH^F  in  liquid 

this  is  a reasonable  assumption.  The  situation  is  less  clear  in  liquid  Ar  where  the  double- 
resonance results  give  a relaxation  time  of  1.3  psec.  From  the  slopes  of  the  curves  in  Fig.  II-8, 
we  deduce  CH^F  relaxation  times  of  230  ± 100  nsec  in  liquid  O2  and  450  ± 200  nsec  in  liquid  Ar, 
where  the  large  error  bars  and  the  systematic  deviation  from  the  double-resonance  results  stem 
from  uncertainties  in  defining  the  pulse  length  and  the  spatial  extent  of  the  input  pulse.  It  should 
be  noted  that,  while  this  saturation  measurement  is  subject  to  these  uncertainties  which  are  not 
present  in  the  double-resonance  experiment,  it  is  a far -simpler  and  less -involved  measurement 
that  is  readily  carried  out  with  only  a laser  and  an  energy  meter.  This  ease  of  measurement 
makes  it  suitable  for  survey-type  measurements  where  order -of-magnitude  relaxation  times 
are  desired.  Further,  since  it  does  not  involve  time-domain  measurements,  it  can  be  used 
over  a wide  range  of  decay  times.  For  example,  we  have  used  saturation  measurements  to 
obtain  a relaxation  time  for  SF^  in  liquid  oxygen  of  the  order  of  50  psec.  Note  that  for  this  very 
rapid  t,  the  steady-state  approximation  is  quite  good  and,  in  this  sense,  the  two  measurement 
techniques  are  complementary. 

In  summary,  we  have  applied  two  techniques  — double-resonance  and  saturation  measure- 
ments — to  measure  the  relaxation  times  of  methyl  fluoride  in  very  dilute  solution  (1  to  10  ppm) 
in  liquids  and  Ar.  Because  of  the  very  high  heat  capacity  of  the  liquid  medium,  these 


tion  to  Eqs.  (II-2)  and  (II-3)  for  a flat -topped  pulse  of  duration  T^  is 
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techniques  are  very  well-suited  to  this  environment.  This  represents  the  first  application  of 
these  techniques  to  the  measurement  of  V-T  decay  rates  in  simple  liquid  media.  Due  to  t ie 
relative  simplicity  of  these  techniques,  especially  as  compared  with  the  picosecond  laser  pulse 
technique  which  has  been  the  dominant  one  used  previously,  these  measurements  should  add 
rapidly  to  our  knowledge  of  the  liquid  collisional  environment. 

S.  R.  J.  Brueck 

T.  F.  Deutsch 

R.  M.  Osgood,  Jr. 

G.  VIBRATIONAL  TWO-PHOTON  RESONANCE  LINEWIDTHS  IN  LIQUID  MEDIA 
6 3 

In  a recent  report,  we  derived  an  expression  for  the  motionally  narrowed  contribution  of 
the  vibration-rotation  interaction  to  the  two-photon  resonance  linewidth  in  simple  diatomic  liq- 
uids. This  resonance  describes  two-photon  processes  such  as  Raman  scattering,  two-pHoton 
absorption,  and  two-photon-resonant  four-wave  mixing.  The  essential  physics  describee^  by  the 
model  was  that  of  an  ensemble  of  vibrational  oscillators  with  an  inhomogeneous ly  broadeijied 
density  of  states  due  to  the  weak  rotational  angular  momentum  dependence  of  the  vibratiohal 
frequency.  Frequent  rotational  angular  momentum  changing  collisions,  described  by  the  colli- 
sion parameter  Tj,  cause  the  molecules  to  sample  all  the  available  angular  momentum  s ;ates 
and  thus  lead  to  a motional  narrowing  of  the  inhomogeneously  broadened  lineshape.  The  calcu- 
lated lineshape  was  Lorentzian  of  width  (FWHM) 
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where  B is  the  rotational  term  value,  a is  the  rotation-vibration  coupling  constant,  T is  the 
e e X-  o 

temperature,  k is  Boltzmann’s  constant,  and  h is  Planck’s  constant. 
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Recently,  Clouter  and  Kiefte  measured  the  temperature  dependence  of  the  Raman  Q-branch 
linewidth  of  saturated  liquid  nitrogen  and  oxygen  over  the  entire  range  from  the  triple  pcint  to 
the  critical  point.  In  order  to  compare  this  simple  theory  with  their  measurements,  we 


a model  for  the  temperature  and  density  dependence  of  the  rotational  correlation  time  t . 
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model  for  collision  times  that  has  often  been  used  in  liquids  is  the  cell  model  which  grves 


require 
One 


1 _ (8KTAm)^/^ 


1/6  -1/3 


(II-5) 


where  m is  the  molecular  mass,  p is  the  molecular  density,  and  is  a collisional  diajmeter. 

If  we  adjust  a to  give  a correlation  time  of  0.35  X sec  at  77  K,  within  the  range  of  0.23  to 

0.35  X 10“^^  sec  found  by  Van  Konynenburg  and  Steele^ ° in  their  analysis  of  the  rotatioral  Raman 

-8 


spectrum  of  liquid  nitrogen,  the  value  obtained  for  is  3.5  X 10 


width  we  have  T 
(Refs.  65  and  67) 


cm  and  for  the  Raman  line- 
0.99  GHz,  a significant  contribution  to  the  experimental  value  of  2 GHz 


Figure  II-9  shows  the  temperature  dependence  of  the  Raman  linewidm  cal- 

64 

culated  from  this  cell  model,  along  with  the  experimental  results  of  Clouter  ^ aL 
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n time 


Chandler  recently  presented  an  alternate  expression  for  evaluating  the  correlatidr 
based  on  a more-detailed  microscopic  description  of  the  liquid  as  an  ensemble  of  ’’rough”  hard 
spheres.  His  result  is 


2nT8  ,8Kt//^ 


2 - r; 

2(1  -Tj)“ 


(II-6) 
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r (GHz) 


Fig.  II-9.  Comparison  of  calculated 
temperature  variation  of  rotational 
contribution  to  Raman  linewidth  for 
liquid  with  experimental  results 
^ 64 

of  Clouter  and  Kiefte.  See  text  for 
a description  of  coUisional  models 
used. 


Fig.II-10.  Blackbody  heterodyne  radiometry  system  for  testing 
diode  receivers  at  500  pm. 
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where  tj  = (tt/6)  pa^ , Again,  a was  chosen  to  force  the  calculated  rate  at  77  K to  be  0.35  psec. 
The  temperature  dependence  calculated  using  this  expression  for  Tj  is  also  shown  in  Fig.  ^1-9. 

It  should  be  noted  that,  in  doing  this,  we  have  extended  Chandler's  model  for  Tj  beyond  it^ 
claimed  region  of  validity.  Even  so,  the  agreement  between  theory  and  experiment  is  qu^e 
good  in  the  region  near  the  critical  point.  At  lower  temperatures,  the  calculated  curves  ^or 
both  collision  models  fall  below  the  experimental  results.  At  this  stage  of  theoretical  unc^er- 
standing,  it  is  not  possible  to  say  if  this  is  due  to  an  inadequacy  of  these  rotational  diffusipn 
models  or  to  the  contributions  of  vibrational  dephasing  which  have  not  been  included  here.i  The 
results  for  liquid  oxygen  are  quite  similar;  the  calculated  curves  are  in  good  agreement  ^yith 
the  experiment  in  the  region  of  the  critical  point,  but  fail  to  reproduce  the  experimental  rjesults 
at  lower  temperatures. 
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Recent  measurements  of  the  Raman  linewidth  of  CO  in  the  neat  liquid  and  diluted  inj  var- 
ious solvents,  N2,  O^,  and  Ar  at  77  K (83  K for  the  Ar  solvent)  further  demonstrate  the  relative 
importance  of  the  motionally  narrowed  rotation- vibration  interaction  and  the  vibrational  dephas- 


ing contributions  to  the  Raman  linewidth.  In  dilute  solutions  in  all  three  solvents  the  CO  Raman 

-1  -1 

linewidth  is  approximately  0.15  cm  wide,  increasing  to  0.54  cm  in  the  neat  liquid.  Tiis 
variation  is  due  to  the  effects  of  vibrationally  dephasing  exchange  collisions  in  highly  con<fen 
trated  solutions  which  are  not  possible  in  the  dilute  solutions 

In  summary,  we  have  developed  a simple  expression  for  evaluating  the  contribution  tb  the 
linewidth  of  the  isotropic  two-photon  resonance  in  diatomic  molecules  due  to  the  motional Ly 
narrowed  vibration-rotation  interaction,  and  have  demonstrated  that  this  mechanism  contjributes 
significantly  to  the  total  linewidth.  This  model  can  readily  be  extended  to  more-complex  molec- 
ular symmetries.  Vibrational  dephasing  contributions,  which  we  have  not  included,  are  plso 
significant,  and  a full  theory  of  the  linewidth  must  incorporate  both  effects. 

S.  R.  J.  Brueck 

H.  BLACK  BODY  HETERODYNE  NEP  MEASUREMENTS 
OF  SCHOTTKY-DIODE  RECEIVERS 

Heterodyne  radiometric  measurements  at  500  pm  have  been  made  to  determine  the  sjensitiv- 
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we 

regime 

tem- 


ities  of  recently  developed  GaAs  Schottky-diode  receivers.  The  Dicke-type  radiometer 
used  is  shown  in  Fig.  II-IO.  This  technique  is  particularly  well-suited  to  this  wavelength 
since  it  reduces  the  sensitivity  measurement  to  a determination  of  a minimum  detectable 
perature  difference  (AT).  The  NEP  is  then  related  to  this  AT  by  the  relationship 

at  = 1N^ 

ksj  Bt 

where  B is  the  IF  bandwidth,  and  r is  the  post-detection  integration  time.  The  measurement 
does  not  require  critical  alignment  and  is  independent  of  polarization.  Of  greatest  importance, 
however,  is  the  fact  that  it  effectively  eliminates  the  need  for  difficult  absolute  submillimeter - 
power  measurements. 

Three  different  receiver  configurations  were  tested  in  these  experiments.  The  first!  had 
a horn-lens  (TPX)  system  to  couple  submillimeter  radiation  into  the  diodes.  A germanium 
beam  splitter  was  then  used  to  introduce  the  local  oscillator  from  an  optically  pumped  CH^F 
laser  of  about  12  mW  output  power.  Our  second  system  replaced  the  horn-lens  with  a quasi- 
optical  mount  using  a focusing  mirror.  The  third  system  depended  on  a second,  orthogoial 
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mirror  to  couple  the  local -oscillator  radiation  into  the  diode  and  did  not  require  a beam  splitter. 
Heated  cavities  and  absorbers  cooled  to  liquid  nitrogen  temperature  were  utilized  as  blackbody 
sources. 

From  the  initial  experiments,  we  have  estimated  a minimum  detectable  temperature  dif- 
ference and  resulting  NEP.  Depending  on  the  mount,  the  particular  diode,  and  the  alignment 
of  the  system,  we  obtain  system  NEPs  in  the  2 to  6 x 10  W/Hz  range  (double  sideband). 

Our  measurements  indicate  that  increasing  the  local-oscillator  power  will  significantly  improve 
these  results.  Efforts  to  further  optimize  the  detectivity  and  to  determine  precise  values  for 
diode  conversion  efficiencies  are  now  in  progress. 

H.  R.  Fetterman 
P.  E.  Tannenwald 
B.  J.  Clifton 
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III.  MATERIALS  RESEARCH 


A.  GROWTH  OF  Ni-DOPED  MgF^  SINGLE  CRYSTALS 

The  observation  of  laser  emission  from  Ni -doped  MgF^  at  wavelengths  between  1.62  land 
1.84  jjim,  which  was  reported  over  10  years  ago  by  Johnson,  Guggenheim,  and  Thomas,  Sug- 
gests that  this  material  may  be  useful  as  a tunable  source  of  coherent  infrared  radiation.'  Al- 
though large,  optical-quality  crystals  of  undoped  MgF^  are  routinely  grown  from  the  mel|  in 
open  crucibles,  this  method  cannot  be  used  for  the  growth  of  Ni -doped  crystals  because  l^iF^ 
is  too  volatile  at  temperatures  near  the  melting  point  of  MgF^  (1390°C).  Table  III-l  listd  the 
vapor  pressures  at  1400*  and  1500*C  of  MgF^  (Ref.  2)  and  NiF^  (Ref.  3),  together  with  thq  total 
pressure  values  for  two  dilute  MgF^-NiF^  melts  calculated  for  ideal  solution  behavior,  ^ven 
for  a melt  containing  only  1-m/o  NiF^,  the  total  pressure  at  1400* C is  10  Torr,  of  whichf  the 
partial  pressure  of  NiF^  is  8.9  Torr. 


TABLE  lll-l 

TOTAL  VAPOR  PRESSURES  OF  Mg,  Ni  F,, 

1-x  X 2 


Pressure  (Torr) 

U00<>C 

1500»C 

MgF2  (Ref.  2) 

1.  1 

3.8 

N1F2  (Ref.  3) 

890 

3300 

'^^0.99'^ '0.01  *"2 

10 

37 

^^0. 97'^' 0. 03^2 

28 

103 

1 4 

The  crystals  of  Ni -doped  MgF2  used  by  Johnson  et  were  grown  by  Guggenheim  in  a 

closed  platinum  crucible  under  an  HF-He  atmosphere.  He  employed  a modified  Stockbar  ^er 

technique  with  a moving  platinum -wound  furnace.  We  have  developed  a considerably  simpler 

method  for  growing  such  crystals  in  a self-sealing,  dense-graphite  crucible  in  a tungsten - 

element  furnace  by  means  of  a vertical  gradient  freeze  technique.  This  method  should  be 

applicable  to  the  melt  growth  of  other  materials  that  are  too  volatile  to  permit  the  use  of  open 

systems. 


The  furnace  and  crucible  used  for  crystal  growth  are  shown  schematically  in  Fig.  Ill 

5 

As  described  previously,  the  furnace  is  resistance-heated  by  means  of  a tungsten  mesh 


1. 

ele- 


ment that  is  enclosed  in  a water-cooled,  stainless -steel  jacket,  permitting  either  vacuum  or 
inert-gas  operation.  Multilayer  molybdenum  heat  shields  are  used  for  thermally  insulating 
the  element  and  the  crucible,  which  is  cooled  from  the  bottom  by  close  contact  with  the  wjater- 
cooled  base  of  the  furnace.  To  obtain  the  temperature  gradient  required  for  crystal  growth, 
ten  heat  shields  are  placed  across  the  top  of  the  hot  zone,  and  this  zone  is  insulated  along  its 
length  by  means  of  a spiral  which  is  wound  so  that  the  number  of  molybdenum  layers  decreases 
continuously  from  ten  at  the  top  to  two  at  the  bottom.  * 
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Fig.III-1.  Schematic  diagram  of  resistance  furnace  and  graphite 
crucible  used  for  growth  of  Ni -doped  MgF^  single  crystals. 


Fig.III-2.  Schematic  diagram  of  graphite  growth  crucible  (leftside) 
and  temperature  profile  measured  inside  crucible  wall  before  reaching 
growth  temperature  (right  side). 
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A labeled  diagram  of  the  graphite  crucible  is  shown  on  the  left  side  of  Fig.  III-Z.  The  in- 
ternal cavity  is  tapered  at  the  top  to  permit  sealing  with  a close-fitting  graphite  plug.  Bel(j>w 
the  cylindrical  center  section  the  cavity  is  again  tapered,  ending  in  an  open  capillary  1 mmj  in 
diameter  and  about  5 cm  long.  (In  the  optional  version  of  the  crucible  shown  in  Fig.  III-Z,  jthe 
top  of  the  capillary  is  enlarged  to  permit  insertion  of  a single -crystal  seed.)  A well  in  the| 
crucible  wall  contains  a thermocouple  for  monitoring  the  crucible  temperature;  the  thermc^- 
couple  is  not  used  for  temperature  control,  which  is  achieved  by  controlling  the  input  powe^  to 
the  furnace. 

The  vertical  temperature  profile  during  crystal  growth  has  the  form  shown  on  the  righj; 
side  of  Fig.  III-Z.  The  temperature  is  highest  near  the  top  of  the  crucible  and  decreases 
smoothly  toward  the  bottom,  while  the  temperature  gradient  increases  in  this  direction,  rejach- 
ing  a value  of  about  40®C/cm  at  the  top  of  the  capillary.  (The  profile  plotted  in  Fig.  III-Z  w'as 
obtained  by  measurements  made  with  the  crucible  thermocouple  during  an  actual  growth  run. 
However,  it  was  taken  before  the  temperature  had  reached  the  melting  point  of  MgF^  and  there- 
fore does  not  correspond  to  the  position  of  the  growth  interface  indicated  in  the  diagram  of  the 
crucible.) 

All  but  two  of  the  growth  runs  have  been  made  without  seeding.  The  interior  of  the  crucible 
and  the  tapered  plug  are  first  polished  with  carborundum  paper  to  a mirror  finish,  washed  (vig- 
orously with  soap  and  water  to  remove  loose  graphite  particles,  rinsed  with  alcohol,  and  d^ied 
in  air  at  about  Z00®C.  The  crucible  is  loaded  with  a coarse  mixture  of  optical-grade  MgF^  and 
NiF^  (BDH  Chemicals,  Poole,  England),  and  the  plug  is  sealed  in  place  with  epoxy  cement.  The 
crucible  is  then  placed  in  the  furnace  and  evacuated  by  reducing  the  furnace  pressure  to  about 
0.1  Torr.  The  temperature  at  the  monitoring  thermocouple  is  raised  to  about  1Z00®C,  the 
furnace  is  back-filled  with  Ar  at  atmospheric  pressure,  and  heating  is  continued.  When  ths 
charge  begins  to  melt,  liquid  MgF^  runs  down  into  the  capillary  where  it  freezes  to  form  a plug 
that  seals  the  crucible.  After  the  temperature  reaches  1450 ®C,  it  is  rapidly  decreased  to 
1100®C  in  order  to  refreeze  the  charge.  During  cooling,  a thermal  arrest  is  generally  ob- 
served between  1300®  and  1100®C,  indicating  that  under  these  conditions  the  melt  supercools 
by  100*  to  300*C.  The  furnace  is  next  reheated  to  14Z5*C  to  produce  an  interface,  located  in 
the  capillary,  where  the  molten  charge  is  in  equilibrium  with  solid  MgF^.  The  charge  is  tien 
frozen  directionally  by  lowering  the  temperature  at  about  Z0*C/hr  so  that  the  interface  moves 
up  through  the  melt,  initially  at  about  5 mm/hr  and  then  at  gradually  higher  rates  as  the  tem- 
perature gradient  decreases  toward  the  top  of  the  crucible.  Although  the  material  that  init.ally 
freezes  in  the  capillary  is  highly  polycrystalline,  the  boule  becomes  monocrystalline  even  De- 
fore  the  interface  enters  the  tapered  section  of  the  crucible.  After  the  charge  is  completeljy 
solidified,  the  furnace  is  cooled  to  room  temperature  at  Z0*C/hr.  (When  a seed  is  used,  t ie 
procedure  is  similar  except  that  growth  is  initiated  after  the  temperature  is  first  raised  to 
14Z5*C,  without  freezing  and  then  remelting  the  charge.) 

A number  of  single -crystal  boules  Z.5  cm  in  diameter  and  7.5  cm  long  have  been  grown 
from  charges  of  MgF^  doped  with  either  1 or  3 wt%  NiF^*  The  growth  axis  of  the  unseed edi 
boules  was  about  30®  from  the  tetragonal  c-axis,  while  the  two  seeded  crystals  were  grown 

I 

parallel  to  the  c-axis.  The  seeded  crystals  both  cracked  extensively  during  cutting,  possibly 
due  to  strain  incorporated  during  solidification  or  cooling.  The  as -grown  boules  are  uniformly 
pale  green  in  color,  indicating  that  the  distribution  coefficient  for  Ni  is  close  to  unity,  whicih  is 
consistent  with  the  report  of  Ferguson  et  al.^  that  Ni  is  substituted  in  MgF^  without  evidence  of 
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Fig.  III-3.  Single  crystal  of  Ni-doped 
MgF2  2.5  cm  in  diameter  and  7.5  cm 
long. 


Fig.  Ill “4.  (a,  b)  Mach-Zender  interference  patterns  for  two  rods  cut  from  a single 

crystal  of  Ni-doped  MgF2*  (c)  Location  of  sample  rod  in  interferometer  beam. 
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segregation.  An  electron  microprobe  analysis  was  performed  on  a longitudinal  slice  cut  frpm 
one  of  the  unseeded  boules  grown  from  a charge  containing  3 wt%  (1.95  m/o)  NiF^-  According 
to  this  analysis,  the  NiF^  content  along  the  axis  of  the  slice  is  2.7  ± 0.08  wt%,  a relative  varia- 
tion of  3 percent,  while  the  concentration  gradually  decreases  to  0.9  wt%  at  the  outer  edge.  1 We 
have  not  determined  whether  such  a radial  gradient  is  typical.  Mass  spectrographic  analysis 
of  this  crystal  gave  the  concentrations  of  the  principal  impurities  as  (in  ppm  atomic):  O — pOO, 
Fe  — 80,  and  Mn  - 30.  No  other  impurity  had  a concentration  of  more  than  30  ppma. 

The  boules  obtained  by  using  the  growth  parameters  specified  above  are  of  excellent  optical 
quality  over  almost  their  entire  length,  although  the  last  portion  to  freeze  generally  contaiijis 
gaseous  inclusions,  cracks,  or  low-angle  grain  boundaries  that  are  visible  between  crosse|d 
polarizers.  These  imperfections  may  result  from  the  increase  in  growth  rate  that  occurs  : 
toward  the  top  of  the  charge,  or  from  an  increase  in  impurity  concentration  in  the  melt  duq  to 
rejection  of  impurities  from  the  growing  crystal.  One  of  the  unseeded  boules  is  shown  in  | 

Fig.  II1-3.  Imperfections  are  restricted  to  a narrow  region  at  the  top  of  the  boule,  where  they 
result  in  the  dendritic  growth  that  is  visible  on  the  top  surface  in  the  photograph. 

For  a more  critical  check  of  optical  quality,  rods  cut  from  one  of  the  boules  have  bee|i 

2 

examined  by  an  interferometric  method.  The  rods  are  5X5  mm  in  cross  section  and  2 c^ 
long,  with  their  length  perpendicular  to  the  c-axis  and  their  ends  polished  flat  and  parallel^ 

Each  rod  was  placed  in  one  arm  of  a Mach-Zender  interferometer  with  a He-Ne  laser  soui^ce. 
Figure  III-4(a-c)  shows  the  interference  patterns  obtained  for  two  of  the  rods,  together  with  a 
diagram  showing  the  location  of  the  rod  in  the  interferometer  beam.  The  straightness  and 
parallelism  of  the  fringes  produced  by  the  portion  of  the  beam  passing  through  the  rods  de:n- 
onstrate  the  excellent  optical  quality  of  the  crystal. 

T.  B.  Reed 
R.  E.  Fahey 
P.  F.  Moulton 

B.  COMPOSITIONS  AND  LASER  WAVELENGTHS  OF  Ga  In  As  P LAYERS 

LATTICE- MATCHED  TO  InP  SUBSTRATES  ^ ^ 

The  preparation  of  device -quality  semiconductor  epitaxial  layers  requires  that  the  lattice 
constants  of  the  grown  layers  and  their  substrates  be  closely  matched.  Lattice  matching  is 
especially  critical  for  the  effective  operation  of  double -heterostructure  (DH)  diode  lasers  pe- 
cause  mismatch  between  the  active  region  and  the  adjacent  barrier  layers  results  in  the  fdrma- 
tion  of  defects  that  seriously  reduce  efficiency  and  can  shorten  device  lifetime.  Since  quater- 


nary Ga^In^  ^As^P^  ^ alloys  can  be  exactly  lattice -matched  to  InP  over  a range  of  compojsitions 
that  give  energy  gaps  corresponding  to  any  wavelength  between  0.92  and  1.7  pm,  these  alloys 
are  of  particular  interest  for  optoelectronic  devices  operating  in  this  spectral  region.  Both 

7 

photoemissive  devices  and  long-lived  DH  diode  lasers  operating  continuously  at  room  teinpera- 
8 9 

ture  have  been  fabricated  with  Ga  In.  _ As  P . _ layers  grown  by  liquid-phase  epitaxy  (LPE) 

X X —X  y 1 — y 

on  InP  substrates,  and  avalanche  photodiode  detectors  are  under  development. 


In  the  Ga^In^  _^_ 


with 


^As^P^_^  alloys,  both  x and  y can  take  any  value  between  0 and  1,  

each  varying  independently  of  the  other.  For  those  alloys  having  the  same  lattice  constanj  as 
InP,  however,  x and  y are  no  longer  independent.  To  select  the  particular  alloy  composition 
required  for  Ga^In^^^As^P^^^/lnP  devices  operating  at  a specific  wavelength,  it  is  necessary 
to  know  the  functional  relationship  of  x to  y and  the  composition-wavelength  relationship  jfor 
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Fig.  Ill -5.  Relationship  between  composition  parameters  x and  y 

for  LPE  Ga  In.  As  P.  epilayers  lattice -matched  to  InP  sub- 
X 1-x  y 1-y 

strates.  Open  and  closed  symbols  refer  to  layers  with  0<  Aa/a< 
+0,06  percent  and  0 > Aa/a  >—0.06  percent,  respectively,  where 
Aa/a  is  relative  mismatch  between  layer  and  substrate. 


Fig.  III-6.  Emission  wavelength  and  corresponding  photon  energy 
as  a function  of  composition  parameter  y for  DH  diode  lasers  with 
^1-  region  lattice -matched  to  InP. 
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the  lattice -matched  alloys.  Although  scattered  experimental  data  are  available,  no  system- 
atic determination  of  these  relationships  has  been  reported.  We  have  now  carried  out  su^h  a 
determination. 

To  determine  the  x-y  relationship  for  lattice -matched  Ga  In.  As  P.  alloys,  LPE  Jlayers 

X 1— X y A ~y 

2 to  3 |j.m  thick  were  grown  on  (lll)B-  or  (lOO)-oriented  single -crystal  InP  substrates  by  ^ 

10 

supercooling  technique,  described  previously,  which  uses  a high-purity  graphite  slider  l^oat. 

The  alloy  composition  is  a sensitive  function  of  the  composition  of  the  growth  solution,  th^ 
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degree  to  which  the  solution  is  supercooled,  and  the  orientation.  An  InP  buffer  layer  wa|s 
grown  immediately  before  the  alloy  epilayer  in  order  to  minimize  imperfections  due  to  thermal 
etching  of  the  substrate  during  heating.  The  lattice  constant  of  the  alloy  was  found  by  usiijig  an 
x-ray  diffractometer,  employing  Cu  radiation,  to  measure  the  angular  position  of  the  j(444) 
or  (600)  diffraction  line,  depending  on  whether  the  orientation  was  (lll)B  or  (100).  The  corre- 
sponding line  of  the  InP  substrate  was  used  as  an  internal  standard.  The  growth  parameters 
were  adjusted  until  the  lattice  mismatch  Aa/a  (where  Aa  is  equal  to  the  lattice  constant  of  the 


alloy  epilayer  minus  the  lattice  constant  of  InP,  a = 5.8685  A)  was  0.06  percent  or  less.  The 

composition  of  the  alloy  was  then  measured  by  using  electron  microprobe  analysis  to  detejrmine 

the  concentrations  of  all  four  elements,  employing  GaAs  and  InP  as  standards. 

The  measured  compositions  of  the  lattice-matched  Ga^In^_^As^P^_^  epilayers  are  sljiown 

in  Fig.  Ill -5,  where  x is  plotted  as  a function  of  y.  The  open  and  closed  squares  were  obtained 

for  epilayers  with  0<  Aa/a^  -fO.06  percent  and  0 > Aa/a  >—0.06  percent,  respectively.  '[Three 
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data  points  obtained  by  Antypas  and  co-workers  ' for  compositions  close  to  InP  are  alpo 
shown,  using  the  same  convention  for  open  and  closed  points.  For  the  P-free  limit  (y  = ^)  of 

the  lattice-matching  range,  the  value  of  x is  0.465,  in  good  agreement  with  the  value  of  (|.47 

14  15  j 

quoted  in  the  literature.  * The  data  are  well-represented  by  the  solid  curve  shown,  which 

corresponds  to  the  expression  x = 0.40y  + 0.067y^.  This  curve  lies  slightly  below  the  dashed 

straight  line  drawn  between  the  end  points  at  y = 0 and  y = 1. 

The  composition-wavelength  relationship  for  lattice -matched  Ga^In^_^As^P^^^  layejrs 

was  determined  by  measuring  the  emission  wavelengths  of  broad-area  DH  diode  lasers  j^p- 

erated  under  pulsed  conditions.  To  prepare  the  lasers,  an  InP  buffer  layer,  a lattice-matched 

GaxIni-xASyP^-y  ^^ctive  region  0.2  to  0.5  }j.m  thick,  and  an  upper  InP  barrier  layer  were  ^rown 

successively  by  LPE  on  (lll)B-  or  (100) -oriented  InP  substrates.  The  active  region  was  doped 

17  -3  18  -3 

with  Sn  to  3 X 10  cm  , and  the  upper  InP  layer  was  doped  with  Zn  to  3 X 10  cm  . (Fig- 
ure III -6  shows  the  wavelengths  and  corresponding  photon  energies  of  the  laser  emission  peaks 
measured  at  300  and  80  K as  a function  of  the  value  of  y for  the  active  region.  (It  has  been  as- 
sumed that  this  value  is  the  same  as  that  measured  by  electron  microprobe  analysis  for  a.  layer 
2 to  3 |xm  thick,  with  Aa/a<:  0.06  percent,  grown  under  the  same  conditions.)  For  y = 0.05  and 
y = 1,  laser  emission  was  obtained  at  80  K but  not  at  300  K.  Figure  III -6  also  includes  tlie  re- 
sults reported  by  Weiser  and  Levitt^  ^ and  by  Ismailov  et  al.^^  for  InP  (y  = 0)  homo  junction 
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diode  lasers  operated  at  80  K,  by  Blom  and  Woodall  for  spontaneous  emission  of  InP  LEDs 

1 5 

at  300  and  80  K,  and  by  Nagai  and  Noguchi  for  laser  emission  at  80  K and  spontaneous 'emis- 
sion at  300  K of  DH  Ga^In^  ^As/lnP  diode  lasers.  Over  the  whole  composition  range,  the  data 
are  well-represented  by  two  parallel  curves,  with  the  curve  for  80  K lying  57  meV  above  the 
one  for  300  K.  The  photon  energies  at  300  K are  given  by  hi^  (eV)  = 1.307  — 0.60y  + 0.03y^ 


emission  energies  for  DH  Gag  ^^As/lnP  diodes  are  close  to  the  photon  energies  fo 
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ternary  composition  interpolated  from  published  curves  based  on  infrared  transmission  suid 

photoluminescence  data  for  Ga^^^In^As  alloys. 

The  curves  in  Fig.  Ill -6  give  the  photon  energies  for  laser  emission  of  InP  at  300  and  80  K 

as  1.307  and  1.364  eV,  respectively.  These  values  are  lower  by  44  and  50  meV,  respectively, 

than  the  energy  gap  values  for  InP  at  these  temperatures  determined  by  optical  absorption  and 

20 

photoluminescence  measurements.  These  differences  suggest  that  the  emission  of  DH 
GaxIni.xASyPi-y /inP  diode  lasers  is  due  to  a band-impurity  transition.  In  particular,  they 
are  consistent  with  a transition  between  the  conduction  band  and  Zn  acceptors,  which  are  re- 
ported to  have  an  ionization  energy  of  43  meV  (Ref.  21).  Although  the  active  regions  in  these 
devices  are  doped  with  Sn  donors  during  LPE  growth,  Zn  is  probably  the  dominant  impurity, 
since  electron-beam-induced-current  measurements  on  lasers  with  even  thicker  active  regions 
indicate  that  these  regions  are  p-type,  presumably  due  to  diffusion  of  Zn  during  growth  of  the 
upper  InP  barrier  layer.  j j 

M.  C.  Finn 
C.  C.  Shen 
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IV.  MICROELECTRONICS 


A.  CHARGE-COUPLED  DEVICES  (CCDs):  PROGRAMMABLE  TRANSVERSAL  FILTER 

1 2 

In  preceding  reports  ' a high-speed  CCD  programmable  transversal  filter  structure  w 
described.  In  the  prototype  version,  the  digital  reference  was  set  by  external  switches.  In 


^s 
I the 


version  which  is  now  being  fabricated,  the  reference  is  to  be  stored  on-chip  in  n-channel  M0S 
shift  registers.  During  the  past  quarter,  processing  experiments  have  been  completed  to  d^- 

I 

termine  the  optimum  channel-stop  implants  and  field-oxide  growth  conditions  so  that  the  fabri- 
cation process  will  be  suitable  for  both  the  CCDs  and  the  MOS  transistors. 


Fig.  IV-1.  Sequence  of  steps  used  to  form 
n-channel  MOS  transistor  for  shift  regis- 
ters. In  (a),  an  Si02/Si3N4  layer  is  used 
as  an  implant  mask  for  channel  stop,  and 
(b)  same  layer  is  an  oxidation  mask  for 
thick  field  oxide,  n*^  diffusion  for  source 
and  drain  is  then  made.  In  (c),  the  orig- 
inal Si02/Si3N4  layer  has  been  removed 
and  new  gate  Si02  is  grown  and  capped 
with  Si3N4  layer.  Contact  and  metalliza- 
tion steps  complete  this  device. 


(a) 


BORON 


1 1 


IMPLANT 

I 


P-SILICON 


-Si^N^ 

-Sl^2 


/FIELD  OXIDE 


(b) 


CHANNEL  STOP 


Figure  IV-l(a-c)  illustrates  the  sequence  of  those  steps  which  form  the  enhancement- hiode 
MOS  transistors.  An  SiO^/Si^N^  layer  is  patterned  by  photolithography  to  delineate  the  ch|annel- 
stop  regions,  and  the  wafer  is  implanted  with  boron  to  form  the  channel  stop  as  shown  In 
Fig.  rv-l(a).  The  SiO^/Si^N^  film  serves  both  as  an  implantation  mask  and  as  an  oxidati,on 
mask  during  the  prolonged  oxidation  which  forms  the  thick  field  oxide  shown  in  Fig.  IV-l(b>;.  As 
a result,  the  channel  stop  and  field  oxide  are  automatically  aligned.  In  order  to  minimize  area 
requirements  for  these  devices,  it  is  standard  practice  to  allow  the  n^  source  and  drain  diffusion 
to  abut  the  p"^  channel  stop.  This  contrasts  with  our  previous  practice  of  allowing  0.3  mil  Spac- 
ing between  the  two.  Under  these  circumstances,  the  junction  breakdown  voltage  can  be  ujiac- 
ceptably  low  unless  the  p^  dopant  level  is  carefully  controlled.  This  strong  dependence  isi shown 
in  Fig.  rV-2  where  the  breakdown  voltage  of  a one-sided  step  junction  is  plotted  as  a functipn  of 
the  doping  concentration  on  the  lightly  doped  side  of  the  junction.  An  additional  constraint!  on 
the  channel-stop  doping  is  that  it  must  be  high  enough  to  prevent  unwanted  conducting  chan)iels 
from  forming  under  the  field-oxide  regions.  The  metallization  which  runs  over  the  field-^xide 


47 


VOLTAGE  (V) 


DOPING  CONCENTRATION  (cm^xio'®) 


Fig.  IV -2.  Plot  of  breakdown  voltage  of 
one-sided  step  junction  and  of  threshold 
voltage  for  0.8-}j.m  oxide  having  VpB  = 0 
as  a function  of  doping  level  of  substrate. 


Fig.  IV-3.  Measured  values  of  breakdown 
and  threshold  voltages  on  MOSFETs  with 
boron-implanted  channel  stops.  Ordinate 
is  boron-implant  dose,  and  implant  was 
done  at  an  energy  of  200  keV. 
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regions  [Fig.  IV-l(c))  can  invert  the  channel  stop  if  the  metal  has  a bias  greater  than  the  thifesh- 
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where  Vp^  is  the  flatband  voltage,  is  the  oxide  capacitance  per  unit  area,  0p^  is  the  Fermi 
potential  in  the  p-channel  stop,  is  the  permittivity  of  the  silicon,  q is  the  charge  on  the  [dop- 
ant, and  is  the  dopant  concentration.  This  equation  is  plotted  in  Fig.  IV -2  for  the  case 
VpB  = 0 and  an  oxide  thickness  of  0.8  |im.  The  two  curves  in  this  figure  define  the  range  of 

acceptable  channel-stop  dopant  levels.  The  calculations  show  that  a concentration  of  3.8  X 
l6  -3 

10  cm  will  result  in  an  optimum  condition  where  both  breakdown  and  threshold  voltagej 
are  24  V. 

Experiments  were  first  performed  to  determine  if  the  0.8-fim  field  oxide  could  be  gro\ 
with  a suitably  low  flatband  voltage.  The  0.8-jjim  thickness  was  chosen  as  a compromise  b 
a minimum  step  between  the  gate  and  field  oxides  and  an  oxide  thick  enough  so  that  high  va 
of  Vrp  could  be  easily  achieved.  A 4-hr  steam  oxidation  at  1000®C  followed  by  an  1100®C  | 
oxidation  process  consisting  of  18  min.  dry  plus  3%HC1  and  15  min.  N2  anneal  gave  Vp^ 
a value  sufficiently  small  to  obtain  the  required  values  of 

A second  experiment  was  performed  to  determine  the  optimum  implant  dose.  A probliem 
with  the  oxidation  process  described  above  is  that  during  the  prolonged  oxidation  the  boronj  im- 
plant can  be  consumed  by  the  oxide.  To  avoid  this,  the  boron  was  implanted  at  the  maximiim 
available  energy  of  200  keV,  placing  it  at  a projected  range  about  0.65  \xm  into  the  silicon.  The 
steam  oxidation  temperature  was  chosen  to  minimize  thermal  diffusion  of  the  implant  and  Iceep 
it  well  away  from  the  oxide-silicon  interface.  During  subsequent  heat  treatments,  oxide  growth 
was  either  very  slow  or  inhibited  by  an  Si^N^  layer  applied  after  the  gate  oxidation. 

An  analytic  solution  exists^  for  the  calculation  of  an  implant  profile  capped  with  an  oxide 
after  an  annealing  step  in  a non-oxidizing  ambient,  and  this  was  used  to  estimate  the  implmt 
dose  needed  to  achieve  the  desired  acceptor  concentration  at  the  surface.  Test  MOSFETsj  were 
fabricated  using  a range  of  implant  doses  from  1 X 10^^  to  1.2  X 10^^  cm  ^ and  having  field 
oxides  under  the  gates. 


in  Fig.  IV-3,  and  suggest  that  the  optimum  condition  of  24-V  threshold  and  breakdown  vol 

13  -2 

can  be  met  with  an  implant  dose  of  about  1X10  cm  . Since  we  estimate  the  required 


The  measured  values  of  breakdown  and  threshold  voltages  are  shpwn 

iges 

-2  . . 

cm 

ing  voltage  for  these  devices  (which  must  be  less  than  both  the  breakdown  and  threshold  v 
to  be  no  more  than  15  V,  the  results  of  Fig.  IV-3  show  that  a fairly  broad  range  of  implan 

will  satisfy  this  requirement.  g ^ 3 j Silversn^ith 
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CHARGED-COUPLED  DEVICES:  IMAGERS 

Fabrication  of  several  wafers  of  the  100-  X 400-cell  CCD  imaging  devices  for  the  GEjODSS 
(Ground  Electro-Optical  Deep  Space  Surveillance)  Program  has  been  proceeding  for  sevejral 
months.  The  latest  run  of  six  wafers  is  partially  completed,  and  static  tests  to  date  on  tnree 
wafers  have  demonstrated  an  overall  yield  of  14  percent.  f 

The  first  device  run,  described  in  a previous  report  (see  p.  53  in  Ref.  1),  consisted  cf  de- 
vices fabricated  through  the  interconnect  metallization  step  which  was  sufficient  for  comjjlete 
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electrical  evaluation.  Two  additional  masking  steps  are  required  for  the  final  device  and  have 
been  incorporated  in  the  recent  device  runs.  These  steps  are  part  of  a process  to  create  an 
integral  light  shield  for  the  input  and  output  registers  and  the  output  circuitry.  The  procedure 
consists  of  first  depositing  a 1.5-|xm  layer  of  phosphorous-doped  Si02  on  the  finished  wafer,  a 
standard  practice  for  providing  a protective  coat  for  integrated  circuits.  A second  level  of 
aluminum  is  subsequently  deposited  and  patterned  to  form  the  light  shield.  The  final  masking 
step  opens  the  phosphorous  glass  over  the  bonding  pads.  It  is  desirable  that  the  glass  be  rel- 
atively thick  in  order  to  minimize  the  capacitance  between  the  light  shield  and  the  output  cir- 
cuitry. Three  wafers  have  been  fabricated  with  this  process,  and  a total  of  12  devices  out  of 
84  passed  a DC  probe  test.  These  good  devices  will  undergo  dynamic  electrical  testing  using 
drive  circuitry  mounted  on  a probe  card.  Devices  which  pass  the  dynamic  test  will  be  used  to 
assemble  a 2 -chip  prototype  version  of  the  hybrid  imaging  array  described  previously.^ 

B.  E.  Burke  W.  M.  McGonagle 

R.  W.  Mountain  D.  J.  Silversmith 

C.  A TWO-LEVEL  INTERCONNECT  SYSTEM  FOR  CERAMIC  HYBRID 

INTEGRATED-CIRCUITS'  SUBSTRATES  UTILIZING  ALUMINUM- 

SILICON  DIOXIDE-ALUMINUM 

The  integration  of  large  numbers  of  complex,  monolithic  integrated  circuit  chips  onto  a 
single  substrate  often  requires  interconnects  with  two  levels  of  metallization.  It  must  be  pos- 
sible to  have  a high  density  of  interconnects  on  both  levels,  adequate  isolation  between  levels, 
and  compatibility  with  the  die-attach  and  wire-bond  techniques  that  will  be  used  in  the  assembly 
process.  A technology  has  been  developed  which  uses  sputtered  aluminum  for  both  the  top  and 
bottom  metallization  levels,  and  either  sputtered  or  chemical-vapor-deposited  (CVD)  silicon 
dioxide  for  the  isolation  between  levels.  The  aluminum  metallization  is,  of  course,  compatible 
with  aluminum-wire  ultrasonic  bonding  from  chip  to  substrate,  and  can  be  used  with  epoxy  die- 
attach.  We  have  implemented  two  complex  hybrid  circuits  with  this  technique:  one  an  8-  x 8-bit 
multiplier  (see  p.  6l  in  Ref.  1)  utilizing  eight  commercially  available  4-  x 2-bit  multiplier  chips 
on  a 1-  X 1-in.  substrate,  the  other  a 16 -chip  CCD  sensor  array^  on  a 2.1-  x 2.1 -in.  substrate. 

A detailed  description  of  the  fabrication  process  for  the  substrates  for  these  two  circuits  will 
be  given,  and  the  particular  problems  associated  with  each  discussed. 

The  ceramic  blanks  used  in  this  process  are  99.5-percent  alumina  with  either  an  as-fired 
finish  of  from  3 to  4 |iin.  or  a polished  finish  of  from  1 to  2 jxin.  The  as-fired  substrates 
were  used  exclusively  for  the  1-  x 1-in.  multiplier  substrate,  and  both  types  were  used  for  sub- 
strates for  the  CCD  sensor,  with  the  polished  finish  yielding  somewhat  better  results.  The 
blank  substrates  are  cleaned  in  a hot,  ultrasonically  agitated  detergent  solution,  and  rinsed  in 
flowing  ultrasonically  agitated  DI  water.  After  rinsing,  the  substrates  are  blown  dry  with  clean, 
dry  nitrogen  and  loaded  into  the  sputtering  chamber.  Then,  1 (xm  of  aluminum  is  deposited  at 
650  A/min.  using  a conventional  RF-diode  sputtering  unit  with  a power  density  of  1.6  W/cm  , 
a target -to -substrate  spacing  of  5.7  cm,  and  argon  pressure  of  1.33  Pa,  and  an  argon  flowrate 
of  50  scc/min.  The  aluminum  is  then  photolithographically  patterned  using  Shipley  1350J  positive 
photoresist  and  an  aluminum  etch  consisting  of  970  parts  phosphoric  acid,  10  parts  nitric  acid, 

30  parts  water,  and  1 g copper  sulfate  per  liter  of  solution.  The  minimum  line  and  spacing  for 
both  circuits  is  0.13  mm. 

The  next  step  in  the  fabrication  process  is  the  deposition  of  the  silicon  dioxide  which  will 
isolate  the  two  levels  of  aluminum.  This  has  been  done  by  sputtering,  by  low-temperature  CVD, 
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and  by  a combination  of  both  processes,  resulting  in  a duplex  film.  However,  whichever  oiide 
deposition  process  is  used,  the  preparation  of  the  substrate  for  deposition  is  critical  if  reljable 
isolation  is  to  be  achieved.  The  only  technique  we  found  to  be  completely  effective  in  remcjving 
all  debris  from  the  substrate  after  aluminum  photolithography  is  to  strip  the  resist  with  acjatone, 
and  then  clean  the  substrate  using  a commercial  wafer  scrubber.  The  scrubber  first  spra;|^s 
both  the  spinning  substrate  and  a nylon  brush  with  a dilute  solution  of  ammonium  hydroxide!  and 
detergent  in  water,  and  then  scrubs  the  surface  of  the  substrate  with  the  brush.  This  procedure 
is  repeated  using  DI  water,  and  finally  the  substrate  is  sprayed  with  DI  water  and  spun  dryl.  At 
this  point,  the  substrate  is  loaded  into  either  the  CVD  reactor  or  the  sputtering  chamber  f(^r  the 
deposition  of  1.5  pm  of  silicon  dioxide. 

The  sputtered  oxide  is  deposited  using  the  same  parameters  described  above  for  the  a|lumi- 
num  film  except  that  the  power  is  increased  to  2.4  W/cm^  at  the  Si02  cathode  with  a resulting 
rate  of  125  A/min.  Also,  the  substrate  is  floated  on  a 0.76-mm-thick  glass  plate,  which  ^llows 
the  substrate  surface  to  reach  temperatures  in  excess  of  250® C during  sputtering.  The  1.^  pm 
of  CVD  oxide  is  deposited  at  approximately  l600  A/min.  using  a substrate  temperature  of  ^50 ®C, 
a 5-percent  silane -in- argon  mixture  flowing  at  870  cc/min.,  flowing  at  1510  cc/min., 

N2  as  a carrier  gas  flowing  at  40  i/min.  The  duplex  films  were  deposited  using  the  abovej 
parameters  for  both  processes,  depositing  0.75  pm  of  oxide  by  one  process  and  then  the  other. 

The  evaluation  of  the  substrates  showed  that  both  sputtering  and  CVD  were  capable  of  pro- 
ducing an  oxide  film  that  provided  adequate  isolation.  However,  the  CVD  film  was  clearly 
superior  and  had  the  very  significant  added  advantage  of  being  able  to  coat  several  substrates 
in  a 1-hr  run  vs  one  substrate  in  3 hr  in  the  sputtering  system.  The  duplex  films  offered  no 
advantage  over  the  CVD  film  and,  therefore,  were  not  further  developed. 

After  depositing  the  isolation  oxide,  the  via  holes  are  etched  using  conventional  photojlithog- 
raphy.  The  substrate  is  coated  with  Kodak  747  photoresist  exposed,  developed,  and  baketi  at 
120*C.  This  procedure  is  then  repeated  with  a second  coating  of  photoresist,  and  the  vias 
opened  with  a commercial,  buffered-HF  etch.  This  second  photoresist  coating  is  necesssry 
to  prevent  microscopic  defects  in  the  mask  from  creating  pinholes  in  the  oxide.  Ideally,  a 
second  mask  should  be  used  with  identical  geometries  but  a different  distribution  of  randojm 
defects.  However,  we  found  that  the  inevitable  slight  misalignment  of  the  same  mask  from  the 
first  to  the  second  exposure  gives  us  the  same  effect.  The  oxide  typically  etches  in  from  5 to 
6 min.  Etching  is  terminated  by  observing  the  substrate  in  the  buffered-HF  under  a low-power 
microscope,  and  noting  when  the  aluminum  at  the  bottom  of  the  vias  is  being  uniformly  attacked 
over  the  entire  substrate  area. 

After  etching  the  vias,  the  photoresist  is  stripped,  the  substrates  cleaned,  and  1 pm  of 
aluminum  sputtered  over  the  oxide  using  the  parameters  described  above.  This  aluminum  is 
then  etched  with  the  appropriate  mask,  the  resist  stripped,  and  the  aluminum  sintered  at  500 ®C 
in  N2  for  15  min.  Figures  IV -4(a)  and  (b)  and  IV-5(a)  and  (b)  show  a CCD  sensor  substra  :e  and 
a multiplier  substrate,  respectively.  The  CCD  sensor  substrate  provides  an  especially  I'igorous 
test.  A ground  plane  formed  in  the  top-level  metallization  covers  all  the  bottom-level  mptalli- 
zation  except  in  those  small  areas  where  wire  bonds  will  be  made  and  small  discrete  chii>s 
mounted  as  part  of  the  buffer  circuitry  for  each  CCD  chip  [see  Fig.  IV-4(b)].  Thus,  any  defect 
in  the  isolation  oxide  which  coincides  with  a line  in  the  bottom  level  would  result  in  a short  to 
ground.  On  the  multiplier  substrate,  a defect  would  have  to  coincide  with  a crossover  to|  cause 
a short. 
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V-  . Fig.  IV-4.  (a)  Interconnect  substrate  for  16-chip,  CCD  sensor  array 

^ for  GEODSS  Program.  Ceramic  is  2.1  X 2.1  x 0.025  in.,  99.5-percent 

i alumina  polished  to  1-  to  2-|j.in.  surface  finish,  (b)  Expanded  view  of 

bonding  pad  and  transistor  mounting  pad  area  showing  crossovers  and 
? \ vias.  Area  is  surrounded  by  ground  plane. 


Fig.  IV-5.  (a)  Two-level  interconnect  substrate  for  8-  X 8-bit  multiplier  circuit 

with  16-bit  output  ceramic  substrate  is  1 x 1 x 0.025  in.,  99.5-percent  alumina, 
(b)  Completed  circuit  with  eight  4-  X 2 -bit  multiplier  chips  mounted  and  wire- 
bonded.  Substrate  is  mounted  in  flatpack  and  wire -bond  interconnects  made  from 
the  substrate  to  package  pins. 
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Fortunately,  the  interconnections  of  the  CCD  sensor  substrate  are  such  that  every  line  can 
be  100-percent  tested  for  continuity,  and  for  isolation  from  the  other  lines  which  it  crosses  and 
from  ground.  Testing  of  several  substrates  revealed  that  a typical  substrate  with  CVD  ox  de 
would  have  from  2 to  5 shorts  (typically  to  ground),  and  those  substrates  with  sputtered  oxide 
would  have  from  5 to  10  shorts.  Continuity  is  not  a problem.  However,  these  shorts  are  almost 
always  repairable  (as  described  below),  so  that  a large  number  of  good  substrates  were  fabri- 
cated. Later,  using  polished  blanks  with  a 1-  to  2 -pin.  surface  finish  and  CVD  oxide,  a sud- 
strate  with  no  shorts  was  made,  and  indications  are  that  producing  substrates  with  at  most  one 
or  two  repairable  defects  will  be  routine. 

Shorts  whose  resistance  was  >2  ohms  could  be  eliminated  using  a simple  technique  on  a 
curve  tracer.  Shorts  with  resistance  <2  ohms  required  too  much  power  to  eliminate,  and  either 
the  line  or  the  contact  point  of  the  probe  would  vaporize  when  the  short  was  current-pulsed. 
Substrates  with  these  low -resistance  shorts  were  discarded.  To  eliminate  a repairable  short, 
the  probes  were  located  so  that  the  total  resistance  between  probes  including  the  short  was 
<10  ohms.  The  short  was  then  pulsed  with  currents  up  to  but  not  exceeding  1.5  A.  After  elimi- 
nating the  short,  the  substrate  was  retested  electrically,  and  visually  inspected  under  a lovr- 
power  microscope  to  insure  that  no  damage  had  been  done  either  to  the  metallization  or  the 
oxide.  Approximately  50  percent  of  all  substrates  on  both  types  of  ceramic  and  with  both  sput- 
tered and  CVD  oxide  could  be  repaired.  However,  with  the  use  of  1-  to  2-pin.  polished  sub- 
strates and  CVD  oxide,  the  yield  was  near  100  percent.  ' 

The  multiplier  substrate  presented  another  problem  because  100 -percent  testing  is  imbos- 
sible.  However,  significant  spot-checking  for  shorts  and  continuity  is  possible,  and  by  dis- 
carding any  substrate  with  even  a single  defect,  those  substrates  committed  to  final  assembly 
could  be  assumed  to  be  perfect  with  a high  level  of  confidence.  The  only  method  of  comple  tely 
testing  the  substrate  is  by  testing  the  completed  circuit  [Fig.  IV-5(b)],  and  not  enough  of  th(sse 
were  made  to  give  meaningful  yield  data.  However,  none  of  the  substrates  committed  to  fiial 
assembly  were  defective. 

In  summary,  a technology  has  been  developed  for  fabricating  alumina  interconnect  sub- 
strates for  hybrid  integrated  circuits  which  provides  two  levels  of  aluminum  metallization 
separated  by  an  insulating  film  of  silicon  dioxide.  Best  results  were  obtained  when  using 
99. 5 -percent  alumina  substrates  polished  to  a surface  finish  of  1 to  2 pin.,  and  by  depositing  the 
oxide  using  low-temperature  CVD  techniques.  Substrates  for  an  8-  x 8-bit  high-speed  muljtiplier 
and  a l6-chip  CCD  sensor  array  were  fabricated  with  a high  yield,  and  techniques  were  deV'eloped 
for  repairing  shorts  without  damage  to  the  metallization  or  isolating  dielectric. 


F.  J.  Bachner 
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V,  SURFACE-WAVE  TECHNOLOGY 


A.  POLYIMIDE-MEMBRANE  X-RAY-LITHOGRAPHY  MASK 

X-ray-lithography  masks  consist  of  an  absorber  pattern  on  a thin  membrane  that  is  relatively 
transparent  (i.e.,  ;^3  dB  attenuation)  to  soft  x-rays.  Several  materials  have  been  used  as  trais- 
mitter  membranes  including;  silicon  (Refs.  1 and  2),  Al^O^  (Refs.  3 and  4),  SiO^/Si^N^  (Refs.  5 
and  6),  mylar/  and  polyimide.^  i 

We  describe  here  a recently  developed  process  for  fabricating  polyimide-membrane  x-ray- 
lithography  masks  with  thicknesses  ranging  from  0.5  to  several  micrometers.  The  process 

o 

produces  large-area  rugged  x-ray  masks  suitable  for  use  at  the  13.3-A  Cuy  wavelength,  as  vrell 

o o ^ 

as  at  the  44.7 -A  Cj^  and  8.34-A  Alj^  wavelengths.  The  polyimide  surface  is  optically  smooth, 
and  the  membrane  is  transparent  to  visible  radiation.  This  latter  feature  enables  it  to  be  used 
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with  a newly  developed  interferometric  alignment  apparatus. 

In  the  first  step  of  the  process,  a glass  substrate  is  coated  with  a film  of  polyamic  acid 
(Dupont  product  PI-2530)  using  a conventionEil  spinning  technique.  Thicknesses  of  0.5  to  5 |in|i 
are  readily  obtained  by  varying  the  spin  speed  and/or  the  dilution  of  the  polyamic  acid.  For  a 
film  thickness  of  1 jjim,  a dilution  of  4 parts  PI-2530  in  1 part  N-m ethyl -2-pyrollidone  and  1 jbart 
acetone,  and  a spin  speed  of  6000  rpm  are  used.  The  polyamic  acid  is  converted  to  polyimide 
by  curing  at  150®C  for  15  min.,  and  at  250 ®C  for  60  min.  The  desired  x-ray- absorber  patteijn 
is  then  formed  in  gold  on  top  of  the  polyimide  by  using  any  lithographic  means  such  as  photo- 
lithography, electron-beam,  or  holographic  lithography.  An  important  feature  of  the  proces^ 
is  that  the  polyimide  membrane  remains  attached  to  a glass  substrate  during  fabrication  of  tlie 
absorber  pattern.  The  glass  serves  as  a heat  sink  and  thus  avoids  the  problem  of  heating  du  ring 
ion-beam  etching  or  other  processes.  The  polyimide  is  relatively  inert  and  stands  up  to  mosit 
chemical-etching  environments. 

A support  ring  and  a copper  tube  are  bonded  to  the  polyimide  using  epoxy  as  indicated  in 
Fig.  V-l(a).  The  glass  substrate  is  then  etched  by  immersing  the  assembly  in  a solution  of 
hydrofluoric  acid  as  shown  in  Fig.  V-l(b).  During  etching,  the  copper  tube  is  filled  with  isopro- 
pyl alcohol  to  provide  a positive  pressure  against  the  polyimide  and  to  prevent  damage  from  m- 
try  of  acid  through  pinholes  or  diffusion  through  the  membrane.  After  etching  of  the  glass  sub- 
strate, the  support  ring  is  separated  from  the  copper  tube  by  cutting  the  polyimide  between  t ie 
two.  Figure  V-2  is  a cross-sectional  schematic  of  a completed  x-ray  mask.  The  aluminum 
contact  is  evaporated  onto  the  mask  after  the  glass  etching.  It  acts  as  an  infrared  reflector  md 
as  an  electrical  contact  in  an  electrostatic  mask-contacting  scheme. 

We  are  in  the  process  of  measuring  the  inhomogeneous  distortion  of  patterns  on  polyimic  e 
membranes  using  moir^  and  angle -of -diffraction  methods.  For  many  applications,  this  distor- 
tion should  be  less  than  1 part  in  10  , which  is  a difficult  specification  to  meet.  These  measure- 
ments will  be  covered  in  a future  report.  ^ Flanders 

H.  I.  Smith 
M.  Dalomba 


B.  INTEGRATING  CORRELATOR 

A new  surface-acoustic-wave  (SAW)  device  which  has  been  under  investigation  is  the  inte- 
grating correlator.  The  basic  operation  of  this  device,  as  shown  in  Fig.  V-3,  is  similar  to  a 


ISOPROPYL 

ALCOHOL 


Fig.  V-1.  Fabrication  of  a polyimide-membrane  x-ray-lithography 
mask,  (a)  Cross-sectional  illustration  showing  support  ring  and 
copper  tube  bonded  to  polyimide  membrane,  (b)  Method  used  to 
protect  absorber  pattern  during  etching  of  glass  substrate  under 
polyimide  membrane. 
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Fig.  V-2.  Cross-sectional  illustration  of  polyimide-membrane 
x-ray -lithography  mask. 


Fig.  V-3.  Schematic  diagram  of  circuit  which  yields  equivalent  of  a 
number  of  correlation  receivers  operating  in  parallel.  In  this  ex- 
ample, four  receivers  operate  in  parallel. 
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correlation  receiver.  An  incoming  signal  and  a locally  generated  reference  waveform, 

both  centered  at  frequency  are  launched  into  the  delay  line  from  opposite  ends.  Every  point 
along  the  delay  line  represents  a different  differential  delay  between  signal  and  reference,  apd 
the  distributed  diodes  provide  nonlinear  mixing  of  the  two  waves.  The  local  product  signal  gen- 
erated by  the  mixing  action  is  integrated  over  time  by  each  of  the  diodes.  At  the  end  of  the  Cor- 
relation interval  or  integration  time,  the  integrated  charge  in  each  diode  capacitance  represents 
a point  of  the  correlation  function  between  signal  and  reference.  The  spatial  distribution  of  1th e 
integrated  charge  represents  a segment  of  the  correlation  function.  This  spatial  distributioh 
can  be  read  out  in  time  by  sequentially  addressing  each  of  the  output  taps.  Such  a device  per- 
forms the  function  of  a large  number  of  correlation  receivers  operating  in  parallel. 


Fig.  V-4.  Schottky-diode  integrating  correlator.  Upper:  mixing  and  integration 

for  signal  and  reference  at  frequency  w.  Lower:  readout  of  correlation  with  short 
readout  signal  at  Zu). 


The  SAW  integrating  correlator  is  shown  in  Fig.  V-4.  The  SAW  delay  line  provides  thb 
varying  differential  delay  for  reference  and  signal,  while  the  Schottky-diode  array  held  in  jclose 
proximity  (-^SOO-iJLm  gap)  to  the  delay  line  provides  the  nonlinear  mixing  of  the  two  counterjprop- 
agating  SAWs.  Under  conditions  of  reverse  bias,  either  resulting  from  a voltage  pulse  prior  to 
the  mixing  or  from  their  own  self-biasing  behavior,  the  diodes  can  be  modeled  as  a parallel  RC 
network.  Thus,  each  diode  is  capable  of  performing  its  own  integration  function  and  can  ijetain 
the  stored  charge  for  up  to  100  msec  (corresponding  to  dark  currents  of  about  30  nA/cm  ) after 
the  reference  and  signal  are  terminated.  After  integration,  the  resultant  stored  charge  o^  the 
diodes  produces  a depth  modulation  in  the  depletion  layer  of  the  silicon.  When  this  depth  Mod- 
ulation is  interrogated  with  a short  SAW  burst  generated  at  one  end  of  the  delay  line,  the  cjorre- 
lation  function  between  reference  and  signal  appears  across  the  silicon. 

The  spatial  periodicity  of  the  stored  charge  is  X^/2,  and  hence  the  interrogating  acoustic 
wave  must  have  a frequency  of  2w^.  In  order  that  sufficient  samples  be  taken  so  as  to  properly 
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Fig.  V-5.  Response  of  integrating  correlator.  Left:  autocorrelation  of  two  CW  bursts. 
Right:  autocorrelation  of  a 3 -chip  code.  Photos  from  top  to  bottom  are  for  1,  10,  and 
100  integrations,  respectively. 
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reconstruct  the  correlation  function,  the  diodes  should  be  spaced  <X^/4.  For  a reference  and 
signal  input  at  100  MHz,  this  corresponds  to  a periodicity  of  approximately  8 |jon  for  an  LiNbO^ 
delay  line. 

Experiments  have  been  performed  to  verify  the  operation  of  the  device  using  a diode  ar^ay 

13  1 

with  a periodicity  of  3.8  fun  which  was  prepared  for  a memory  correlator.  In  the  experimjents, 
the  actual  integration  process  was  observed,  and  a method  of  controlling  the  integration  timje 
was  studied.  Figure  V-5  shows  the  autocorrelation  functions  generated  by  two  different  wa^^e- 
forms.  On  the  left-hand  side  of  the  figure,  10-^isec  bursts  of  70-MHz  signal  and  reference  |were 
repeatedly  entered  into  the  device.  On  the  right-hand  side,  a simple  3-bit  phase-coded  wave- 
form with  a 3.3-psec  bit  time  was  used.  The  integrated  correlation  function  was  read  by  a 
3.3-psec  read  pulse  at  140  MHz  after  1,  10,  and  100  integrations,  reading  from  top  to  botto^ 
of  the  figure.  After  10  integrations,  the  correlation  peak  of  the  coded  waveforms  is  beginni  ng 
to  appear,  and  after  100  integrations  the  sidelobe  structure  is  evident.  The  correlation  of  ^he 
CW  waveforms  fills  the  entire  length  of  the  diode  array,  which  has  saturated  after  about 
10  integrations. 


Fig.  V-6.  Variation  of  integrating- correlator  time  constant  by  varying 
level  of  illumination  by  LEDs.  Quantity  I is  an  uncalibrated  unit  of  illu- 
mination intensity. 


Light  can  be  used  to  alter  the  diode  resistance  and  thus  control  the  integration  time.  The 
effect  of  LED  illumination  on  the  diodes  is  shown  in  Fig.  V-6  where  it  can  be  seen  that  the  lirne 
constant,  as  indicated  by  the  amount  of  time  required  to  reach  a saturation  level,  can  be  v u'ied 
by  about  two  orders  of  magnitude  by  varying  the  LED  illumination.  The  approximate  6-dB  de- 
crease in  the  output  signal  with  increased  illumination  is  due  to  the  increased  acoustoelectHc 
loss  resulting  from  a greater  number  of  carriers  in  the  silicon. 

The  present  device  uses  a delay  line  with  a bandwidth  of  20  MHz  which,  combined  with  an 
integration  time  of  10  msec,  implies  potential  correlation  gain  as  high  as  50  dB.  It  is  desirable 
to  increase  the  bandwidth  to  100  MHz  for  future  devices  in  order  to  obtain  even  greater  process- 
ing gain.  One  of  the  major  problems  which  prevents  maximum  performance  of  this  device  is  the 
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spurious  bulk  waves  produced  by  both  the  writing  and  read  signals.  The  effect  of  bulk  waves  is 
evident  as  a distortion  of  the  waveforms  in  Fig.  V-6.  The  elimination  of  this  interference  is  a 

major  goal  for  this  program.  Hurlburt 

R.  W.  Ralston 
E.  Stern 
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